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1 Introduction & Overview

The COBEX collaboration proposes a dedicated for-
ward Collider Beauty Experiment for the Large
Hadron Collider. The design is optimized to achieve
unrivaled sensitivity and resolution in the study of
CP violation in the decays of Beauty (B) particles.
The search for new physics beyond the standard
mode] will also be pursued with sensitive measure-
ments of B,-B, oscillation and searches for rare de-
cays of B particles. These are goals of the highest
order in present day particle physics.

The large bb collider cross section expected at the
LHC (about 500 pbarn) means that COBEX will be
able to carry out a rather precise study of CP viola-
tion in B-decay during the first year of LHC opera-
tion. For example, an average luminosity during the
first year as small as 5 - 103! cm™?s™! would result in
the production of more than 2.10'1 B; and By mesons
and a COBEX statistical measurement uncertainty of
0.027 in the CP violation parameter, sin(23) for the
“gold-plated” final state, B4 — J/¥K? . Analogous
results would be obtained for other final states as
well.

At the end of the same year, there will be more
than 105 reconstructed and flavor-tagged B,-mesons.
With a measurement resolution in proper time, o(7)
= 3%, ¢, = AM/T can be well determined over the
entire theoretically allowed range (as large as 45 or
more). Moreover, the determination of the angle v in
CP violating B, decays will be highly constrained.

It will also be possible to make stringent tests of the
loop-induced standard model predictions for several
flavor-changing-neutral-current processes. For exam-
ple, using the calculations of Ali et al.[1, COBEX
expects that a sample of about 5000 events of By —
pTp~K*® should be available at the end of the first
year. This would allow the study of shapes of the B
decay distributions, in addition to its rate, and could
lead to evidence for new physics beyond the standard
model at an early stage in the life of the LHC.

1.1 Overview of a Collider B Experi-
ment

Fig. 1.1 shows the laboratory angular distribution of
the B-meson momentum vector expected at the LHC,
calculated using the PYTHIA 5.6 Monte Carlo event
generator[2]. A fundamental production asymmetry
is seen.

The inherently asymmetric parton-parton interac-
tions for production of bb-quarks at collider energies
lead to the rather sharp forward and backward peak-
ing in the angular distribution of B-mesons in the
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Figure 1.1: Angular distribution of B-meson mo-
mentum vector in the laboratory, calculated using
PYTHIA.

laboratory. Thus, there is no fundamental reason to
introduce an additional asymmetry by decreasing one
of the beam momenta and, in the limit, running in a
fixed target mode.

The following are the underlying features of the
Collider Beauty Experiment, COBEX:

e Large bb cross section (500 pbarn): Very sig-
nificant results can be obtained during the first
year of LHC operation when beam currents are
planned to be about 10% of final values. Consid-
erable flexibility is allowed in selecting events.

¢ Large ratio of b} to inelastic cross section
(1/150): This value at LHC collider energy
means that the requirements on the Level-1 trig-
ger are modest and non-critical

¢ Relatively small average B-meson momen-
tum (80 GeV): Allows for a short, inexpensive
and precise detector, for which it is easier to pro-
vide particle identification. There is excellent
measurement resolution in B-meson proper time
(3%) and in invariant mass (o = 8 MeV for the
B; — J/$K? channel).

The detector layout is shown in Fig. 1.2 and a typ-
ical event in Fig. 1.3.

The COBEX design has evolved from first and sec-
ond generation forward experiments at the ISR by
members of our collaboration and from extensive de-
tector R&D work on a new detector element in the
experiment, planar silicon detectors inside the vac-
uum pipe perpendicular and close to the circulating
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Figure 1.2: COBEX layout: The silicon microvertex detector is installed inside the collider vacuum pipe at
the center of the interaction region. The large quadrupole magnet has pole tip field 1.5 T; the dipole field
is 2.5T. Two vacuum windows, at 40 cm and 410 cm, respectively, are connected by a thin conical vacuum
pipe section. Tracking chambers are light grey, gas RICH counters are medium grey and electromagnetic
calorimeters are dark grey. Iron is black. The electromagnetic calorimeter and muon filter sections after
Spectrometer I are retractable, if necessary to reduce “spray”.

beams (P238), used with data-driven processors as
the Level-1 trigger (RD21).

The forward collider detector with 600 mrad aper-
ture shown in Fig. 1.2 takes optimal advantage of the
forward peaking seen in Fig. 1.1. Fig. 1.4 shows the
expected distribution of all B-momenta at LHC; the
shaded events are those which have all decay prod-
ucts contained in a 600 mrad aperture. The momen-
tum distributions of reconstructed event samples (see
Chapt. 9) are very close to the shaded distribution in
Fig. 1.4.

Most of the reconstructed events have momenta
between 30 and 200 GeV, which results in the mean
value of 80 GeV and a corresponding mean flight path
of 5 mm. As shown in Chapter 9, the measurement
uncertainty in this distance using the COBEX sili-
con microvertex detector (see Chapt. 4) is about 108
pm. This leads to the measurement uncertainty in B-
meson proper time of 3%, which will make it possible
to measure rather precisely the decay time oscilla-
tions of B,-mesons with x, over the entire theoreti-
cally allowed range, (as large as 45 or more). This
capability will be an important component in the CP
violation analysis discussed in Chapt. 10.

The large aperture (10 to 600 mrad) spectrometer

system comprises a quadrupole magnet spectrometer
relatively close to the interaction point (for tracking
the slower, wide-angle tracks), and a dipole magnet
spectrometer further from the interaction point (for
tracking the faster, low angle tracks). The smaller
field near the axis of the quadrupole allows small an-
gle tracks to emerge without major deflection, from
a window at the end of a conical vacuum pipe, and
pass into the downstream dipole spectrometer. The
layout allows for efficient reconstruction of slow or
fast K°’s and A%’s.

The spectrometers (see Chapt. 3) will be instru-
mented by wire chambers which yield a spatial reso-
lution of the order of 30 um per projected coordinate.
Gas and liquid Ring-Imaging Cherenkov counters (see
Chapt. 5) provide particle identification over the com-
plete momentum range of interest. Electromagnetic
calorimeters (see Chapt. 6) follow each spectrometer
and are used for recomstruction of final states with
a single gamma or x° (possible when the constraints
from sub-mass cuts exist) and for electron identifica-
tion. Finally, there are muon filters (see Chapt. 7)
following the spectrometers, which are used for trig-
gering and for offline identification of muons.

Much of the COBEX experiment has now been
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Figure 1.3: A typical COBEX B event showing the trajectories of charged tracks in the magnetic spectrom-
eters. Particles with angles less than 100 mrad do not emerge from the vacuum pipe until the end of the

quadrupole magnet.

simulated, including track reconstruction in the
quadrupole spectrometer. Quadrupole track-finding
efficiencies are more than 99% (starting from 3-
dimensional points), with a ghost contamination of
about 1%.

The COBEX detector can be installed in an exist-
ing even LEP area, on one side of an interaction re-
gion (see Chapt. 11), with minimal modification and
negligible cost, and can use an existing LEP count-
ing room. Our cost estimate for the entire detector
including magnets is about 47 MSF.

1.2 Performance Parameters

COBEX will have three different modes of operation,
the first two of which are summarized in Table 1.1:

e “Low” Luminosity = 5-10%! cm™%s1 :
Up to this luminosity, an impact parameter trig-
ger algorithm, based on silicon microvertex data,
suppresses events which are consistent with a
single vertex. This Level-1 trigger has been
shown[3, 4] to be capable of reducing the mini-
mum bias rate by more than a factor of 1/100,

COBEX
LcoBEX (cm‘zs‘l) 5.10%¢ 5-10%¢
maz 151038 | 1.5.10%¢
Interaction Rate 3.5 MHz 35 MHz
Interactions per 0.09 0.9
bunch crossing
min. bias suppression 10-2 103
in Level-1
Output Rate Level-1 35 KHz 35 KHz
Required Suppression 1/350 1/350
o(bb) 500 ub
N(bb) in 1 year 2.5-10'! | 2.5.10!2
By — J/YK? 4.6-10% | 4.6-107
— 4t rta
€total 2.9.10-3 | 2.7-10°3
Tagged Event Sample | 1.3-10* | 1.2.10°
ofsin(28)] 0.027 0.009

Table 1.1: Top: COBEX minimum bias rate param-
eters assuming 25 nsec bunch spacing and 70 mbarn
inelastic cross section. Bottom: bb rates and “CP-
Reach” for By — J/¥K? .



while retaining good efficiency (20-50%) for B-
mesons (this increases the bb/inelastic ratio to
about 1/5). Table 1.1 summarizes the overall
data-flow situation for the minimum bias compo-
nent. The Level-1 event output rate is 35 KHz.
In 107 seconds, 3.5 -10'! events are produced. As
discussed in Chapt. 8, reducing this rate to such
a level that not more than 10° interesting events
are written to tape during a year will require a
suppression of at least 1/350 in a “farm” of hun-
dreds of high-performance RISC processors or in
a powerful data-driven-processor system, as is
being studied in RD21.

“Medium” Luminosity =
5-10%2 cm~2s~!: At higher luminosities, up
to about 5-10%? cm™2s7!, the topology trigger
is replaced by a single muon trigger (see Chap-
ters 7 and 8). This trigger is based on the signals
from a muon filter consisting of iron walls inter-
spersed with muon chambers. The muon tracks
are reconstructed online. Triggering on a sin-
gle muon with transverse momentum at least 1.5
GeV yields more than 10~ minimum bias sup-
pression. As seen in the table, the same Level-1
output rate of 35 KHz results and the overall
data flow situation is approximately the same as
at the lower luminosity.

For both the low and medium luminosity situ-
ations, Table 1.1 also shows the “bottom line”
event yield for the CP violation analysis of the
“gold plated” channel By — J/$K? Chapters 9
and 10 discuss the source of these numbers in
more detail.

“High” Luminosity = 5-10% em~3s~1;
This operating mode would be intended specifi-
cally for the rare decay mode: B,—utu~, which
is expected[1] to have a branching ratio of 1.8
-10~® in the absence of new physics (see Chapt. 2
for a discussion of the physics importance of this
channel). With this luminosity, about 36K such
events are produced in a year’s run, of which
about 9K events will decay into our apparatus.
Several hundred events should survive the most
severe cuts which are necessary to suppress the
background (consisting mainly of uncorrelated
muon pairs from semileptonic decays of B and
B). The apparatus would run with the silicon
detectors retracted to 1 cm from the beams, at
which point the radiation damage would be the
same as it is running at 1/10 the luminosity with
the silicon 3 mm from the beams. Such run-
ning should be possible. More detailed calcula-
tions are in progress and will be reported to the

G 20 40 60 B8O 100 120 140 160 180 200

Ps (GeVv)

Figure 1.4: Total momentum of B-mesons produced
at the LHC, calculated using PYTHIA. The shaded
events are those By — J/9K? , whose decay prod-
ucts are all contained within a 600 mrad aperture.
29% of the shaded event sample have momenta larger
than 200 GeV and are off-scale at the right hand side
of the plot.

LHCC.
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2 Physics Objectives

Within the Standard Model, quark mixing is param-
eterized by the Cabibbo-Kobayashi-Maskawa (CKM)
matrix. This matrix has 9 complex elements, but be-
cause of the constraints of unitarity, and the freedom

to redefine the phases of quark fields, it may be pa- =
rameterized in terms of only 4 independent variables. 08
In the parameterization of Wolfenstein[1], it is writ- o8
ten: )
0.4
Vud Vas V;ab
Vo= [ Va Ve Vo 1 "
Ve Vi Vo T T R T TR T
1-2%/2 A AX3(p —in) e 1
= -2 1-—A%/2 AN? 08
AN(1—p—in) —AN 1 '
0.6
It is important to note that the CKM matrix is not o4
simply an arbitrary parameterisation of physical ob-
servables, but appears in the Standard Model La- 02
grangian. Hence its parameters are of equal impor- oL '.'c',,;,‘;',;'L(',;‘_é‘z‘ 'é' ! 012 : '0'4' ) '016! - '("gu’
tance in the theory as, say, Gr or the masses of the co - e
Z° and the top quark. There has been much experi- & F =200/
mental effort expended recently [2] on measuring the 08 -
latter two quantities, the first of which is now known os L
with startling precision. E
In contrast however, the two CKM parameters p “F
and 7 are very poorly determined. A major goal of 02 |
this experiment is a precise determination, and in ST (T (T TN | Y S

fact an over-determination of these two quantities as
a sensitive test of the Standard Model description
of quark mixing. In conjunction with measurements
already made, this can be accomplished by the mea-
surement of B — B? mixing, CP violation in various
decays of B-mesons, and rare decays of B-mesons.

In order to appreciate the full significance of these
measurements, it is necessary to consider the infor-
mation currently available on the elements of the
CKM matrix, and its limitations.

So far, |V,4| has been determined precisely in nu-
clear beta decay and |Vi,| from K — =wfv decays.
These give a precise measurement of A (~ 0.22) to
about 1 %. |Ve|, and thus A, is determined from
semileptonic B decays, A being found to be 0.8+0.1.
With the increased statistics which will become avail-
able at CLEO II over the next few years, and using a
recently suggested technique [3] for the extraction of
|Ves), it is probable that this quantity will eventually
be determined with a precision of around 1 % also.

Three present measurements provide limited in-
formation on the remaining two variables, p and 7.
One is the determination of |Vys/Ves| from the mea-
surement of the ratio of charmless to charmed semi-
leptonic B-decays at CLEO. From Eq. 1 it can be

seen that this combination fixes the value of /p? + 7?
(as A is known). This results in an annulus in the
p — 1 plane, centered on the origin (Fig. 2.1). It is

[}
-1 -0.8 -0.6 -04 -02 0 02 04 06 08 P1

Figure 2.1: Limits on the CKM parameters p and 75
for three values of the top-quark mass. The annular
region centered at the origin is the region allowed by
the measurements of |Vy3/Ves|. The annular region
centered on the point (1,0) is that allowed by mea-

surements of B — B; mixing. The approximately
hyperbolic band is the region allowed by the mea-
surements of the CP-violation parameter ¢ in kaon
decays.

again likely that this measurement will improve over
the next few years, as statistics increase. At present
however, the errors which determine the width of the
annulus are dominated by model dependence. A pro-
gram is underway [4] to try to gather enough data to
distinguish between the models. It is expected that
the width of the annulus will eventually be reduced
by a factor of 2 which will help considerably to con-
strain the allowed region of the p — 7 plane.

The other two relevant measurements are those of
BY— BY mixing and the CP-violation parameter, ¢, in
K decays. Although both are well-measured, their in-



terpretations in terms of CKM parameters are dogged
by theoretical uncertainties and a dependence on the
unknown top-quark mass. BS — B} mixing depends
on the combination IWdV,‘,‘,Iz which can be seen to fix
the quantity (1 — p)? + 7° (A and X being known)
thereby defining an annulus in the p — 7 plane cen-
tered on the point (1,0). € depends approximately on
the quantity (1 — p)7, measurements thereby provid-
ing constraints which form hyperbolae in the p — 7
plane.

The constraints provided by all the above mea-
surements are shown in Fig. 2.1 for three possible
values of the top-quark mass. In each case the the-
oretical errors dominate the width of the constraint-
bands shown. There is little chance of a significant
reduction in most of these uncertainties, unless Lat-
tice QCD may shed light on some of them [5].

The above measurements are often discussed
with reference to the so-called “Unitarity Triangle”,
(Fig. 2.2) whose vertices are formed by the origin,
the point (1,0) and the point (p,7). The inside an-

0.9
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Figure 2.2: The Unitarity Triangle

gles of the triangle can be determined rather well by
measurements of CP-violation in B-decays. The fol-
lowing notation will be used for them:

e a is the inside angle at the point (p,n),
e [ is the inside angle at the point (1,0),
e v is the inside angle at the origin.

In this experiment, we hope to measure all th-=
angles precisely, as a thorough test of the inter
consistency of the Standard Model.

2.1 B° - B? Mixing.

The general formalism of B — B’-mixing has been
described many times and is reviewed in ref. [6]. Al-

lowing for B® « B transitions, the time-evolved
o ags -9 .
state for an initial B°(B ) may be written:

(a,‘)(t) - e”’"“‘r’t/2~lB1 S +(_) e—tm;t—l":t/2lB2 >

(2)
where |B; > and | B, > are the two eigenstates of the
B-meson mass matrix. Then the probability of the

state to decay as a B°(§O) meson is given by

| < BP (1) > P x e ™1 & cos(Amt)]  (3)

(4)
where Am = m; — my and T' = I'; &~ I[';. Dilution
effects, discussed in Chapter 10, mean that what are
actually observed in the four data samples are linear
combinations of the two functions in Eqs. 3 and 4.
Observation of the time dependences in any of the
four samples enables the mixing parameter z, and
a “dilution factor” to be determined. .

Let us see how a measurement of B? — BY mix-
ing can improve the determination of the quantity
(1 - p)> + n* (ie. the distance from the apex to
the point (1,0)). We define the mixing parameter
Zo = Amg /T4, where a stands for the flavour of the
light quark in the B-meson. In the Standard Model,
this is given by [6]:

|<B P ) > P « 1 F cos(Amt)]

2
zo = T8, %'.;mB., necp(Ba. 3. ) Fmi|ViaVis |
()

7g, and mp, are measured, while nocp, Bs, and
fB, are all calculated, their uncertainties accounting
for the widths of the relevant annular bands in the
figures. F(m?/MZ) is an analytic and slowly vary-
ing function of m;, the unknown top-quark mass. If
we now consider the ratio z4/z,, we see that the trou-
blesome top-quark mass dependence is canceled com-
pletely while all the calculated quantities appear as
ratios which are expected to be close to unity and to
have small uncertainties. In fact we get

et = (Z2) (L) (B (_TB_) (LB.:_)Z
(p 1) + (z-’) (Az) (BBa) TBa IB.

(6)
where the last four factors are all known with small
uncertainties, giving a much improved constraint for
(-1 + 7.

Tt should be noted that, as the parameter |Ves Vi3 |2
which governs BY — BP mixing depends only on A
and ), the measurement of this quantity provides no
direct information on p and 7. Rather it provides the
combination ngcp(Bs, 3, )F(mi /M )m] in Eq. 5.
Assuming this to be similar to the equivalent combi-
nation for the Bg, as expected, one is then able to



extract the combimation (p — 1) + 7 from B — B?
mixing.

It is of interest to know what the current exper-
imental and theoretical limits are on the parameter
z,. There is rather little direct experimental evidence
for B® — BY mixing. The time-integrated B® mixing
observed at the Y(4S) machines [7] is pure B — B9
mixing, while that observed at UA1, CDF and LEP is
due to a mixture of B and B? mesons. These allow
one to derive a lower limit for the amount of BY — BY
mixing at z, > 1.6. Time-integrated measurements
will be of little use in improving this bound in the
future. Exclusive time-dependent mixing measure-
ments are needed in order to proceed further in the
study of B? mixing.

Theoretical predictions of the rate of B® mixing
may be obtained from the Standard Model, Eq. §
above. Allowing the ranges 120 GeV < m; < 200
GeV and 0.15 GeV < /Bp, fg, < 0.25 GeV, this
predicts 6 < z, < 44. In principle, another constraint
is available for z,: the determination of |V43/V.s| by
CLEO may be combined with the measured value
of ¢ to constrain the position of the point (p, 7). The
argument may then be reversed to determine z, from
Eq. 6 using the measured value of z4. We find 0.5 <
(p— 1) + * < 2.0, giving 6 < z, < 40, where we
have used 24 = 0.69 £+ 0.1 [10] and fg,/fp, = 1.08 £
0.06 [8]. It is coincidental that this method gives
similar information to the previous direct method of
calculation.

As shown in Chapter 10, the above range of z; is
well within the reach of COBEX. It is quite possible
that, in the meantime, improved measurements of the
ratio |V,p/Vep| will become available, and/or the dis-
covery of the top-quark. Any such developments will
serve to constrain further the theoretically allowed
range of values of z,. Failure to find B? — B? mixing
in the allowed range will immediately signal a failure
of the Standard Model description of quark mixing
in weak interactions.

With the ratio z4/z, measured as discussed above,
and with the anticipated improved bounds on the
ratio [Vis/Ves!, the intersection of the two resulting
(relatively narrow) bands defining the sides of the
unitarity triangle should be quite well determined.
The constraint from e will provide a non-trivial cross-
check which will be made much tighter if the top-
quark mass is measured by then. Then the latter,
in conjunction with the z; measurement, will pro-
vide a “measurement” of the quantity /Bpg, fg, for
comparison with lattice QCD calculations {5].

2.2 CP Violation in B-decays

CP violation is an interesting topic in its own right.
It is not yet fully understood in the Standard Model,
and is put-in for empirical reasons, by allowing the
Yukawa couplings of the Higgs to the quarks to be
complex. In the case of 3-or-more generations, this
results in a complex component in the CKM matrix
which, in turn, gives rise to CP violating observables
in weak interactions. This origin of CP violation
is intimately related to both the mass problem (the
quark masses also arise from the Higgs-quark Yukawa
couplings) and the generation problem (as the effect
would be absent with less than three generations).
On a larger scale, CP violation is thought to be a
necessary precondition for the origin of the baryon
asymmery of the universe. All these facts make the
study of CP violation a compelling one.

As we have argued in the above sections, despite
the fact that CP violation is well-measured in the
neutral Kaon system, this has only a limited impact
on our knowledge of the fundamental complex quan-
tity (|7|) in the CKM matrix, both because of the
unknown top-quark mass, and because of incalcula-
ble (to date) hadronic factors. On the other hand,
many CP-violating observables in the decays of B-
mesons are expected to provide highly constraining
information, owing to a complete absence of hadronic
uncertainties. Hence, having fixed the unitarity tri-
angle as described in the above sections, we would
like to perform very precise tests on its internal con-
sistency using measurements of such observables, as
a test of the Standard Model description of quark
mixing in weak interactions. There are three types of
such measurements:

e Decays of nentral B-mesons to final states which
are CP-eigenstates.

e Decays of neutral B-mesons to final states which
are not CP-cigenstates.

e Decays of charged B-mesons.

The general features of the above types of measure-
ments are discussed below in turn:

Decays of Neutral B-mesons to
CP-eigenstates.

In the case of neutral B-mesons, CP-violation is en-
twined with the phenomenon of B®° — B° mixing. The
general formalism has been described many times and
may be found for example in the review of Ref. [9].
In this formalism, the two eigenstates of the neutral

B-meson mass matrix, |B; > and |B; >, may be



written in terms of the beauty eigenstates:

|By(z) >= p|B° > +(~)q|B° > (7)

where, within the Standard Model, the ratio q/p is
given by the CKM phases

(a/P)B, = 2218(VeaVi3): (a/P)B, ~ 2a1g(Vi, Viy) (8)

for the two types of neutral B-meson respectively.
Considering a final state f, which is a CP eigenstate,
we can define the decay amplitudes for pure beauty
eigenstates:

M=|<flB°>|and M=|< f|BS>| (9)

and the quantity:

_a<fB°>
T p< f|BO>’

(This should not be confused with the CKM param-
eter of the same name). Then the time-dependent
rates for the decays of states which are initially in
a pure B° or BO state (they may oscillate into the
charge-conjugate state before decaying) into the final
state f are given by

A (10)

r(t)(B°— f) = AeT'[1+ BcosAmt

F Csinfsin Amt] (11)
where 4 = (M? + 3°)/2, B = (M? - M")/(M? +
M), and C = (2MM)/(M? + ). Note that
C? = 1 - B2 @ is the phase of A. If the two de-
cays each involve a unique CKM phase, M = M,
and the equations simplify considerably. Then, the
time-dependent asymmetry

L()(8° — f) -T()(B° — f)

Ag(t =
= TE = HTeE = )
= sin 2¢; sin(Amt), (12)
where ¢; is one of the angles of the unitarity trian-

gle. Clearly the amplitude of the asymmetry has no
hadronic uncertainties and is a direct measure of a
CKM quantity. A channel for which this is the case
is B — J/¢K2, which is governed by the angle .
This is also very attractive experimentally, because
of its dilepton decay signature.

When more than one CKM phase is involved, the
asymmetry has a more complicated form, and de-
pends on the magnitudes of the amplitudes. Then,
isospin analysis is needed to extract the CKM infor-
mation, requiring several channels to be observed. An
example of this case is B) — n+ 7~ whose asymmetry
is governed by the angles a. Penguin diagrams may

contribute to the amplitudes however, necessitating
reconstruction of the experimentally daunting #%x°
final state.

Another channel suffering from additional hadronic
contributions is that of B? — pK2 whose aysmmetry
is governed by . It is also thought to have a very
low branching ratio, making measurements difficult.
However there are alternative channels and methods
for all these angles.

COBEX will be sensitive to sin 28 in several decay
channels, including By — J/$K2, B — $(25)K
and B — J/$K%. The CP-reach in these channels
will be summarised in Chapter 10.

Decays of Neutral B-mesons to non-CP-
eigenstates.

The analysis of this type of decay is analogous to
that described above to CP-eigenstates, except for
the added complication of unknown hadronic final
state phases. Considering a final state f, with CP
conjugate demoted £, it can be shown (Ref. [11])
that if the amplitudes < f|B° > and < f|B® > each
involve a unique weak phase, then

|<fIB°>|=|<fB°>|=M  (13)

and _ _ .
[<fIB°>|=|<flB°>|=M. (14)
Then the time dependent rates for the decays of states

which are initially in a pure B° or B? state are given
by

) B°—f) = Ae ™1+ Bcosami
F Csin(¢s + 6,)sin Amt] (15)

I‘(t)((f)o—-» f) = AeT[1FBcosAmt
¥ Csin(¢s — §,)sin Ami] (16)

where A, B and C have the same definitions as in Eq.
11. &, is the strong interaction final state phase dif-
ference between < f|B° > and < f|B°® >. An illus-
tration of the forms of the above functions for typical
values of the parameters is shown in Fig. 2.3. Fitting
Eqs. 15 and 16 to the observed time-dependences
yields the quantities M /M, sin(y +6) and sin(y — §),
from which sin(+) may be obtained.

This method can be applied to measure v at
COBEX, by using the following B, decays to non-
CP-eigenstates:

e B? - Dt¥K¥F,
e BY - D}*K¥
e B? - DXEK*F
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Figure 2.3: Examples of proper time distributions
for decays of neutral B-mesons to final non-CP-
ecigenstates. The examples shown are for B,-mesons
with z, = 20, ¢5 = 0.5, §, = 0.2 and M/M = 1/V2.
The solid and dashed curves are for B,-mesons and
B,-mesons respectively for Eq. 15in a). and Eq. 16
in b).

which are expected to have the time dependences
given in equations 15 and 16.
Decays of Charged B-mesons.

A second method of measuring v consists of mea-

suring the exclusive decay rates in the following 3
channels:

e Bt —» DYK*
e Bt - D'K*
e Bt - D°K*
» 3 0 0 —0
and their CP-conjugates. As D{ = (D°+D")/v?2,

[A(BT —» D°K*)
+ A(B* - D°K*)/V2(17)

A(Bt — DYKT)

and
A(B~ — D°K-) = [A(B~ — D°D°k")
+ A(B~ —D°K7)/v2(18)

It has been pointed out (Ref. [12]) that the ampl-
tudes are related by

A(B* - D°K*)= A(B- - D°K~)  (19)

A(B* — D°K*) = exp(2i7)A(B- — D K~) (20)

where v is the CKM phase to be measured. Then,
Eqs. 17 and 18 may be described by two triangles in
the complex plane, as shown in Fig. 2.4.

A(B* > D%K*)

V2A(B" DK~
V2A(B* —>D°K*

A(B~—>DK")

A(B* —>D°K*)=A(B"—>DK")

Figure 2.4: Complex triangles of Eqs. Eqs. 17 and 18

In these channels, the charged B-meson is self-
tagging (by the charge of the kaon in the final state).
Measurement of the amplitudes of all six amplitudes
(in fact, only four are independent) enables the angle
~ to be extracted up to a two-fold ambiguity. As de-
scribed in Ref. [12], the ambiguity may be removed
by comparison of several different channels, eg. the
ones above with DY replaced by DI, and both of
these channels with the KT replaced by other states
with similar quantum numbers, eg. K%x*, K*x°,
K%xtn¥, etc. These have the same CKM depen-
dence, but different final state phases in each case, al-
lowing the common CKM phase to be extracted from
the analyses. In fact, this procedure alone provides a
test of the Standard Model, namely the requirement
of a common CKM solution between all channels.

Analogous channels exist for
B® - D° (50, DY, D9)X, but these have a smaller
branching ratio for the B and are not self-tagging.

This method has the advantage of simplicity, in the
sense that only the rates are required to be measured.
On the other hand, not observing a time dependence,
it may be difficult to prove that what one sees is really



CP violation. The many channels approach should
however increase confidence in the results.

COBEX will be able to reconstruct all the
above channels, and in view of its large cross-
section X Luminosity xacceptance, will have unri-
valled statistical precision.

2.3 Rare B-decays

(The text in this section is a shortened version of a
memo by Ahmad Ali[13]. We are very grateful to him
for his help.)

Theoretical interest in rare (Flavor Changing Nen-
tral Current) B-decays lies, in the first place, in
their potential role as precision tests of the Stan-
dard Model in the flavour sector. Within the Stan-
dard Model, their eventual measurements will pro-
vide quantitative information about the top quark
mass and more importantly about the CKM matrix-
elements, V.4, Vi, and V3. In particular, the CKM-
suppressed rare B-decays directly measure V4. To-
gether with improved measurements of the CKM ma-
trix elements |V3] and [Vy3|, the measurements of
|Viq| will determine the CKM unitarity triangle, pin-
ning down the CP violating phases in the Standard
Model.

At the same time, rare B-decays have the poten-
tial to provide early evidence for non-SM physics. It
is therefore imperative to get as reliable estimates
of these decays in the SM as possible, and to carry
out an experimental physics programme sensitive to
FCNC decays.

The experimental search for the FCNC B-decays
has already provided first dividends. The recent
CLEO observation [14] of the rare decay mode
B—K* + v, having a combined branching ratio
BR(B—K* +4) = (45+ 1.5+ 0.9)- 1075, and an
improved upper limit on the inclusive branching ra-
tio BR(B—X, +7) < 5.4-107* (95% C.L.) [15] have
been analyzed in the SM-context, as well as in sev-
eral SM-extensions. Within the SM, the resulting
experimental measurements have been interpreted as
a corresponding limit on the CKM-matrix element
ratio |Vis|/|Ves|- Combining the exclusive and in-
clusive decay rates, the CLEO measurements yield:
0.50 < |Vi,|/|Ves| < 1.67 (at 95% C.L.) [16].

While the radiative rare B-decays were expected
to have larger SM-branching ratios, and hence to be
measured first, the FCNC B-decays involving dilep-
tons are very promising, as they involve different
effective interactions than the ones involving pho-
tons. In particular, the radiative B-decays are nei-
ther sensitive to effective operators involving the non-
diagonal bsV or ddV couplings, where V represents

a virtual Z boson or a virtual photon, nor to the ef-
fective four fermi operators such as (3T;b)(¢+T;47),
where T'; is some linear combination of the Dirac 4-
matrices. Since these couplings are the ones which
determine the SM-rates and distributions and they
are also present in a number of SM-extensions, there
ezisis a strong case for dedicated ezperimental studies
involving semileptonic and leptonic FCNC B-decays.

In the semileptonic FCNC decays, the complete
Dalitz distributions involving the dilepton pair and
the recoiling hadron(s) are measurable, and hence
both the shapes and rates can be used to search for
non-SM effects. Since normalized distributions in SM
depend essentially on the top quark mass, but are
otherwise reliably calculable with the help of QCD,
effects of non-SM physics are easy to search for and
interpret. .

FCNC semileptonic and purely leptonic B decays
can be classified as the CKM- allowed and CKM-
suppressed transitions involving the matrix element
Vis and Viq, respectively. COBEX has a built-in sen-
sitivity for measuring FCNC semileptonic and lep-
tonic decays, such as B — X,¢#t¢~ and B — X ¢+~
with the dilepton mass being different from the J/4
and ¥’ resonance regions to reduce the CC compo-
nent. The exclusive decays B — (K, K*)+£+£~ and
B — (x,p,w) + £7 £~ are of particular interest. Also
for them, the short distance pieces are measurable
only away from the J/4 and 4’ resonant regions.

Theoretical predictions of exclusive rare B-decays
are less sharp at present, than are those for their cor-
responding inclusive decays. This is so, since rare
B-decays involve the so-called heavy to light hadron
transitions, as opposed to the heavy to heavy CC
decays B — (D, D*)fy,, which have been quantita-
tively studied in the HQET framework and are un-
der theoretical control. Significantly firm statements
on the exclusive rare B-decays can be made if the
CKM-suppressed CC exclusive decays such as B —
(7, pyw)y, become available experimentally. Their
measurements will reduce the extrapolation over a
large kinematic region, reducing the parametrization
dependence of the relevant form factors. Since the
present experimental sensitivity involving the CC de-
cays b — uis on the threshold of these measurements,
it should be possible to make firm predictions for the
corresponding FCNC processes in future.

Inclusive Semileptonic FCNC B-Decays:
B o (X,,Xa)ete~

The details for the calculation of both the long
and short-distance contributions to inclusive FCNC
B — (X,,X4)+£*£" decays can be seen in Ref. [17],
where the theoretical Dalitz distribution and a num-
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ber of decay distributions are calculated. The short
distance contributions to the branching ratios are es-
timated as:

(0.6 —2.5)-107°
(3.5-14.0)-107°

BR(B — X, +ete™) =
BR(B— X, +ptp~) =

for the top quark mass range 100 GeV < m; <
200 GeV, whereas for m; = 150 GeV, one obtains
BR(B — X, +ete”) = 1.5-1075% and BR(B —
X, + ptp~) = 85-107% Thus, FCNC semilep-
tonic decay rates are much more sensitive to m; than
the corresponding FCNC radiative B decays. These
estimates are to be contrasted with the present up-
per limit for the (averaged) B-meson branching ratio
from the UA1 collaboration: BR(B — X +putu~™) =
5-10™° [18], indicating an experimental sensitivity
only an order of magnitude away in this channel.

The Dalitz distributions in the FCNC semileptonic
decays can be used to project out definite pieces of the
effective Hamiltonian, which provide increased sensi-
tivity to non-SM physics. For example, one can define
a forward-backward asymmetry for the dileptons in
their center of mass system with respect to the X,-
momentum (or the K*-momentum for the exclusive
decay B — K*£+¢~) in the B rest-frame. It has
been shown that for the presently allowed top quark
mass, this asymmetry in the Standard Model is pro-
portional only to the Z and W*W~ exchange dia-
grams, with the virtual Z contribution numerically
dominating. Thus, the forward- backward asymme-
try in FCNC semileptonic decays is sensitive to any
enhancement in the effective bsZ and bdZ couplings.
Likewise, all non-SM scenarios, which inherently have
a chiral structure different from that of the Standard
Model, will yield unmistakable distortion effects on
the B decay distributions.
Exclusive Semileptonic FCNC B-Decays:
B - (K,K*)ete-

We now discuss the exclusive semileptonic rare de-
cays B — (K, K*)t{~. The corresponding CKM-
suppressed exclusive decays B — (, p,w)T L™ can
be obtained by the appropriate CKM-matrix ele-
ment ratio. One may exploit heavy quark symme-
tries of heavy to light transitions to obtain relations
between the CC semileptonic heavy to light decays
and the FCNC rare B decays. Estimates based on
the assumed parametrizations of the Isgur-Wise func-
tion, fitted to the semileptonic D-decays, are given in
[19, 20].

Heavy quark symmetries work best in the region
close to the maximal momentum transfer to the lep-
tons and we restrict ourselves to the comparison of
the lepton spectra of the processes mentioned above

[ Parameterization | A | B |

BR(B — K£*¢~) | 6.0- 10-7 ] 2.7-10°7
R(B — Kete™) 4% 2%
R(B— Ku*tu~) % 3%

BR(B — K*ete™) [ 5.6-107° | 4.1-107°
R(B — K*ete™) 3% 28%

BR(B = K pp-) | 2.9-10-° | 2.5-10-°
R(B— K*utp™) 34% 29%

Table 2.1: Rates and branching fractions for the de-
cays B — Kft4~, B — K"ete” and B — K*ptp~
with £ = e, u, and m; = 150 GeV. A and B are two
different parameterizations of the Isgur-Wise function
used in the calculation. The quantity R is the ratio of
the rate of each channel to that of its corresponding
inclusive strangeness channel.

close to the point of maximal momentum trans-
fer. The estimated branching ratios of the exclusive
semileptonic rare decays B — (K, K*)£* £~ are given
in Table 2.1.

The numbers in Table 2.1 are in agreement with
other estimates in the literature within a factor 2,
which is the theoretical accuracy one should expect.

Leptonic FCNC B-Decays: (B?%, B}) — £+¢~.

The decay rates for (B?,BS) — £¥{ were dis-
cussed some time ago in Ref. [21] to lowest (1 loop)
order. With the help of the effective Hamiltonian
formalism one can incorporate the QCD effects, and
we refer to a recent calculation of this decay mode in
Ref. [22].

The rates for the decays B — ptp~ and B? —
ete~ are suppressed, compared to the corresponding
rate for 7+~ by (m,/m,)? and (m./m.)?, respec-
tively. For the dilepton modes, they are estimated
as:

2.0.107°
8.0-10711

BR(B, - p*tp~) =
BR(B; = ptp”) =

(21)

Again, one can express the decay rates I'(BJ — £1£7)
in terms of the rates for I'(B? — £+£~) using the
relation in the CKM model:

D(BY— £447) _ [Vaal
TB—68) [V’

(1 + 6!)1 (22)
where §; is an SU(3)-breaking parameter. Again, for
the default value |V;q/Vis|? = 0.05, one expects the
branching ratios for B — £+¥£~ to be suppressed
by ~ 20, as compared to the corresponding decays
B — tte-.
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The purely leptenic decays of B and B? mesons
are of considerable interest in theories with lepto-
quarks [23]. In the leptoquark scenario, the effective
four-fermi operators involving the (3T':b)(£*T;£7)
couplings can be enormously enhanced. This allows
for searches for induced effects of leptoquarks which
would go much beyond their direct searches.

2.4 Other Physics

COBEX at the LHC will accumulate vast numbers of
B-mesons and baryons. Besides the two main goals,
of determining parameters of the standard model and
testing the model itself, there will be significant op-
portunities to study many other areas of B-physics,
such as:

e b-quark production dynamics,

e spectroscopy of mesons and baryons with &-
quarks,

Below we present brief descriptions of the potential
of COBEX in some of these areas.

2.4.1 Production dynamics

b-quark production in hadronic reactions is funda-
mental to the study of perturbative QCD[24]. Com-
plete next-to-leading-order calculations are available
for the total, one particle inclusive cross-sections and
correlations. Inclusive cross-sections measured by
CDF[25] at p; > 10 GeV are a factor three above
these predictions. The reason for this discrepancy is
unknown. Perhaps the discrepancy between theory
and experiment should not be taken too seriously at
present, because the experimental data are not very
precise and the theoretical calculations suffer from
poor knowledge of the structure functions at small
z. Better information on these should soon be avail-
able from HERA. Precise measurements of the total
cross-sections and the p; and z distributions in the
broad region 0.05 < z < 0.5, p; < 5 GeV can lead to
very unambiguous confrontation of theory with ex-
periment.

Another interesting topic is the investigation of
rather specific b-quark fragmentation dynamics[26],
which exhibits itself in production of b— 3 and b - s.
The standard event generator PYTHIA gives for : »
collisions o(B,) > o(B,) as a consequence of a dir. -
ence in the masses of strings generating these mesons.
A B,-meson is produced as a result of b — u (b — d)
string breaking, while a B,-meson is produced after
b — ud (b — uu) string breaking. These strings have
different masses because of a big difference between
quark (u,d) and diquark (uu,ud) momenta and the

probability of their breaking into strange quarks in-
creases with string mass. Therefore in p-p collisions
this model as well as other models with white strings
or clusters yields o(B,) > o(B,). Observation of this
effect would be very valuable.

2.4.2 Heavy flavor spectroscopy

As a useful by-product of the search for CP-violation
in the beauty sector, the very large samples of data
containing heavy flavour particles which will be ac-
crued may be used for the study of heavy flavor spec-
troscopy [27].

There are two interesting areas of heavy flavour
spectroscopy:

e Open flavor states, i.e. By, B,, B., D, and D-
meson systems and Charm- and Beauty-flavored
baryons.

o Hidden flavor states, i.e. cc- and bb- onium

states.

There are many missing (undiscovered) states in
both categories — states which are not readily pro-
duced exclusively due to quantum number prefer-
ences or states which are not readily observed inclu-
sively due to experimentally difficult decay channels.
With COBEX, it may be possible to fill in some of
the holes in the present listings of heavy flavor states.
Of particular interest would be the identification of
heavy flavor mesons which are not easily explained in
terms of a ¢ paradigm but rather may be evidence
for hadro-molecular states.

There is some interest in whether useful self-
tagging schemes might be possible, using the
hadronic or electromagnetic cascade decays of ex-
cited B-mesons. Whether or not such B-meson flavor-
tagging will prove to be competitive with traditional
methods based on the partner B decay remains to be
seen. The initial study of such states and their de-
cays is however a necessary pre-requisite of any such
tagging schemes and could be performed at COBEX.

B, Physies

Bound states of a b and ¢ quark pair (the B,
mesons) have never been observed. The study of
bound st s of heavy quarks with different flavours,
such as 5. (bc) and B (b), is of great interest for sev-
eral reasons. Firstly, this interest is related to heavy
meson spectroscopy and its description in the frame-
work of potential models. Secondly, the study of weak
decays of such mesons implies the possibility of de-
termining some parameters of the Standard Model.

The current theoretical status of B, physics, both
production and decay, is summarized by Likhoded et
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al.[28] (see also Refs. [29, 30, 31]). One can expect
B, production rates at LHC which are nearly 1% of
those for B; mesons. Because of the existence of one
¢ quark already in the meson, branching ratios to
final states which contain J/+ are expected to be very
lazge.

Excited Heavy Flavor States

Within the quark model the ground state neutral
B mesons consist of a bd (B°) or a bs (BY). To date
only one excited state, the B*, has been observed.
The mass of this 1~ (quark model assignment) state
is 5324.61+2.1 MeV. As this state is relatively narrow
and much less than a pion mass above the B me-
son ground states, decays to the ground state take
place radiatively. Unfortunately the signature pho-
ton energy is too low for presently configured collider
spectrometers.

At the 1993 Snowmass conference the results[32]
of detailed calculations for masses of the 13P; and
13P, excited D,, B, and B, mesons were presented.
Whether or not there is a significant cross section
for any of these excited states, relative to the ground
states, is an open question. Results from ete” ma-
chines and photoproduction experiments may not
necessarily be indicative of hadro-production trends.
It is expected that COBEX will be able to shed con-
siderable light on this field.

Excited beauty mesons will tumble down to the
lowest lying ground states (either B or B,) through
a combination of radiative transitions and strong de-
cays. As such, their secondaries will come from the
primary interaction vertex. Due to parity conser-
vation the 13P; state cannot decay directly by pion
emission to the B ground state but can go through
the B*. Single pion emission of the 13P; (and pre-
sumably broader 13P) is allowed. One variant of
self-tagging would involve identifying a charged pion
whose direction vector is close to the neutral B vector
and whose 7% B° invariant mass is close to the 13P;.
We note however a couple reasons why this type of
resonance self-tagging may be difficult:

¢ Although the production of P-wave states may
be large, only a restricted number of decays -
those with a charged pion and neutral B me-
son in the final state - are relevant. For exam-
ple, given equal initial populations of the 13P;
(B**+, B**°, B, B~ ), only one-third of the
strong decays will lead to the desired final state.

Contributions from dipion decays such as
B**° — nt7~ B® where one of the pions is soft
and missed and the other appears to resonate
with the B® with consequent flavor dilution. A

hadro-molecular state (BV, V=p,w) would fall in
this category.

It would appear that flavor self-tagging will not
work for B since the b—s system has zero isospin and
consequently no transitions involving single charged
pions. If any or all of the P-wave states lie below the
mpg + myg threshold, those states will decay by El
~ emission. Above this threshold B? excited states
will fall apart into B + K (or B + K=) and conse-
quently short circuit the B?. This is directly anal-
ogous to the more familiar situation in charmonium
where transitions to low lying states are effectively
quenched above the open charm thresholds, 2mp and
mp + Mmp-.

There is a rich field of spectroscopy to be mined.
Not only is it interesting in its own right, but it can
clarify outstanding issues in light quark spectroscopy
as well as serve as a technical basis for symmetry
studies such as CP violation.

Heavy Flavor Onium States

The observed bb onium states, consist of six 35;
and six 3P]=0,1,2 states. Conspicuous in their ab-
sence are D-wave states, singlet P-wave states, and
the 1S)s. Potential model predictions for some of
these states exist. The reasons for this pattern are
well known: much of the world’s sample of beauty
particles (hidden and open) comes from e*e™ ma-
chines where the bb pair has the quantum numbers of
the virtual annihilation photon, 1~ ~. Triplet P-wave
states are subsequently populated through radiative
decays of higher- lying 3S; states. By contrast how-
ever, inclusive production at hadron colliders might
lead to a more democratic population of quantum
levels. The excited states produced will decay ra-
diatively to the ground state which will, at least in
some cases, decay to dimuon pairs which will satisfy
the COBEX muon trigger. The problem of identify-
ing the excited states then becomes one of identifying
the transitions to the ground state through small and
experimentally difficult decay modes. But, this might
well be possible in some cases at COBEX.

Generally the spacings between bottomonium
states are reasonably well described by potential
models. Thus on the whole potential model predic-
tions should serve as useful guides to undiscovered
states.
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3 Magnetic Spectrometers

The proposed COBEX apparatus is illustrated in
Fig. 1.2. The upper acceptance limit is set to ap-
proximately 600 mrad. This is the largest practical
aperture for a planar geometry detector. The exact
value for this upper limit is not critical since the ac-
ceptance for B states increases only slowly above this
limit: significant gains in acceptance would require
large increases in aperture.

The full aperture is covered by two coaxial spec-
trometers, with acceptances from 100 mrad to 600
mrad (Spectrometer I) and from 10 mrad to 100 mrad
(Spectrometer II). The principle advantage of this
two-spectrometer design is that it results in large sav-
ings in channel count and detector volume.

The two spectrometers are similar in design. The
first element of each spectrometer is a silicon pixel de-
tector, followed by a system of drift chambers before,
inside and after their respective analyzing magnets.
Both also contain liquid and gas RICH counters, elec-
tromagnetic calorimeters and muon identifiers. Each
of these ancillary systems is described in separate sec-
tions, below.

The most notable difference between the two spec-
trometers is that Spectrometer I uses a quadrupole
for momentum analysis while Spectrometer II uses a
dipole. The use of a quadrupole magnet in Spectrom-
eter I has two distinct advantages: (a) particles with
angles § < 100 mrad receive minimal bending inside
the beam pipe before emerging from the vacuum win-
dow and entering Spectrometer II; (b) the stray field
at the positions of the silicon detectors and the RICH
detectors is minimized.

The use of a quadrupole for momentum analysis
is unconventional, so it is important to understand
whether its relatively complex field shape could lead
to problems in pattern recognition or areas of poor
momentum measurement. A Monte Carlo study (see
Sect. 3.7.1) of Spectrometer I convinced us that un-
ambiguous track recognition with high efficiency can
be achieved and that the momentum resolution is ad-
equate (see Sect. 3.7.2).

Fig. 1.3 illustrates the tracking properties of the
magnetic system for a typical event, which contains
B-mesons. Note that the tracks which pass inside
the conical vacuum pipe in the quadrupole magnet
are scarcely deflected.

3.1 Performance Requirements

The magnetic spectrometer, when coupled with the
electromagnetic calorimeters, muon detector and
RICH counters must be capable of unambiguous and

clean reconstruction and tagging of a wide variety of
B, B, and B-baryon decays.

The spectrometer design is being driven by the fol-
lowing goals:

e efficient track finding in the angular range from
10 mrad to 600 mrad for all charged particles
with momenta larger than = 300 MeV,

e efficient matching between silicon tracks and
spectrometer tracks,

o B-mass resolution of 15 MeV or better for decay
modes containing only charged particles,

e isolation or near isolation of events occurring in
adjacent bunches,

o simplicity and cost effectiveness.

The most critical design consideration depends on
perpendicular distance (r.) from the beam: particle
density (charged and neutral) and average momen-
tum are both strong functions of 7. At low values
of r,, ensuring low cell occupancy, obtaining suffi-
cient integrated field and limiting gamma conversions
in spectrometer materials are the most vexing prob-
lems, while at high 7, limitation of multiple scatter-
ing becomes the most critical consideration.

3.2 Operating Environment: Particle
Density, Flux and Cell Occupancy

Fig. 3.1 shows the (Pythia-generated) charged par-
ticle density as a function of perpendicular distance
from the beam (7 ), for three different values of lon-
gitudinal distance (z) from the interaction region. In
the region of interest, the density is roughly approx-
imated by the z-independent function: dN/dr, =
0.95/7, % particles per em?, with #) in cm.

Integrating this over an infinitely long stripe which
is tangent to a circle of radius 7, results in a pre-
diction for drift-cell occupancy of ~ =x/r., with =,
in cm, for a 1 cm wide drift cell. The density and
occupancy distributions will be flattened by the mag-
netic field, but still give reasonably accurate worst-
case occupancy predictions for detectors in front of
the Spectrometer I quadrupole and near the beam
pipe, in front of the Spectrometer 1I dipole.

At an LHC luminosity of 5 - 1032 em~2?s™! the in-
elastic interaction rate will be 35 MHz, or nearly
one interaction per bunch crossing and the resulting
charged particle flux will be ~ 35/7, % 10° em™3s™1
at r; cm from the beam.

The dose rate due to charged particles from inter-
actions for thin, low atomic number materials such
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Figure 3.1: The charged particle density as a function
of perpendicular distance from the beam line. The
solid line is the function 0.95 / ;2. The other three
curves are from a Pythia simulation at three different
distances from the interaction region center (1 cm,
1 m, 10 m).

as carbon, silicon or aluminum is readily calculated
from the above flux to be about 100 / ;2 kGy/year.
This will be the dominant dose to the tracking ele-
ments. Since COBEX does not have large solid-angle
hadron calorimeter coverage, neutron irradiation will
not contribute substantially.

3.3 Analyzing Magnets
3.3.1 Spectrometer I: Quadrupole

Spectrometer I uses a quadrupole magnet with 1.5 m
radius and a length of 3 m. The pole tip field is 1.5
Tesla. The average field integral seen by an infinite
momentum particle produced at the origin and at
polar angle fis [ Bdl = B’-Ly -2, -tané/ cos 6, where
B’ is the field gradient (1 Tesla/m), z; is the center of
the quadrupole (2.65 m)and L; is its length. Thus,
a 100 mrad track will see an integrated field of 0.8
Tesla-m and a track at 360 mrad (the largest angle
which traverses the length of the magnet) will see
an integrated field of 3.0 Tesla-m. The implications
for momentum and mass resolution are discussed in
Sect 3.7.

The physical implementation of this quadrupole is
under study [1]. Various alternative designs are being
considered. The most promising is a superferric skew
quadrupole with two coils and 4 pole-tips. The return
yoke has an 8 m x 8 m cross-section and is 3 m long.

3.3.2 Spectrometer IT: Dipole

Spectrometer II contains a superconducting dipole
with a uniform magnetic field of 2.5 Tesla, a radius
of 1 m and a length of 2 m.

3.4 Vacuum Chamber

The vacuum pipe seen in Fig. 1.2 runs the entire
length of the spectrometer. The second window at
4.1 m follows the conical section with half-angle of 100
mrad. The minimum angle acceptance Spectrometer
II is determined by the pipe radiuns at the position of
the second window. A pipe radius of 4 cm implies a
minimum angle of 8,,;, of 10 mrad.

It appears feasible to have have a pipe radius as
small as 2 ¢m, nonetheless, we assume a radius of
4 cm since this already gives adequate acceptance,
approximately matching the acceptance of the mi-
crovertex detector, and eases the problems of vacuum
pumping. Also, below 6 c¢m, the high particle density
complicates the design of the tracking chambers and
other elements.

Construction of the vacuum chamber from alu-
minum or carbon fibre (or both) will limit multiple
scattering of the particles and reduce interactions of
particles in material near the beam. Both of these
materials have been used successfully at CERN for
construction of beam pipes. Recent improvements in
aluminum welding used at CERN make aluminum an
attractive, cost effective material. Although carbon
fibre is more expensive, it could provide additional
immunity to secondary interactions in eritical areas
such as near the window of Spectrometer II, where
the beam pipe reaches its minimum diameter (8 cm).

3.5 Silicon Pixel Detectors

A silicon pixel detector is placed at the entrance to
both spectrometers. The primary purpose is to aid in
matching tracks found in the microvertex detector to
those in the spectrometer. Above 150 mrad, tracks
emerging from the silicon detector will typically tra-
verse a few of the hybrids associated with each sili-
con detector, the vacuum chamber window and the
RICH counter before emerging into the magnetic
spectrometer. Similarly tracks emerging into Spec-
trometer II traverse 4 m of vacuum, a window and
a RICH counter before entering the first momentum-
measuring drift chambers. The detailed simulation of
microvertex detector/spectrometer matching has not
vet been done, however, we believe that the added re-
dundancy of a trajectory measurement after the vac-
uum window and before the liquid RICH counter will
prove useful, though perhaps not indispensable.
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Figure 3.2: Fromt view of the Spectrometer I silicon
pixel detector.

The Spectrometer I pixel detector is composed of
328 5 x 5 cm? silicon wafers, each with 100 5 x 5
mm? pixels. A front view of the Spectrometer I pixel
detector is shown in Fig. 3.2. The total channel count
is 32,800. The Spectrometer II pixel detector will
contain 218 such tiles and a channel count of 21,800.
The total number of tiles in the system is 546, the
total channel count is 54,600.

The inner edge of the pixel detectors are 5 cm from
the beam, and will receive an annual dose of about
5 kGy for a luminosity of 5 -1032 cm~2s~!. This is
well below the limit for silicon detectors. At the inner
edge, the pad occupancy is a manageable 4%.

3.6 Drift Chambers
3.6.1 Chamber geometry

The positions and radial dimensions of the drift
chambers are shown in Fig. 1.2 and summarized in
Table 3.1. Spectrometer I contains a total of 10
chambers and Spectrometer II contains 9. Chambers
are positioned in both analyzing magnets to increase
acceptance for wide angle and low momentum tracks.

3.6.2 Cell and module structure

We have chosen a cell structure based on the multi-
drift tube design[2] consisting of a hexagonal lattice
of cathode wires with anode wires centered in each

Chamber | Position | Radius (cm) | Sense
(em) Outer Inner | Wires
Spectrometer I
1 70 110 7.0 | 22,000
2 90 130 9.0 | 26,000
3 110 150 11.0 | 30,000
4 145 135 14.5 | 26,000
5 190 135 19.0 | 25,000
6 265 135 26.5 | 23,000
7 340 135 34.0 | 22,000
8 420 140 7.0 | 28,000
9 440 145 7.0 | 30,000
10 460 150 7.0 { 31,000
Spectrometer II

1 655 65 6.5 | 12,000
2 685 70 6.9 | 14,000
3 690 70 6.9 | 14,000
4 780 100 7.8 | 20,000
5 830 100 8.3 | 20,000
6 880 100 8.8 | 20,000
7 940 100 9.4 | 20,000
8 975 100 9.8 | 20,000
9 1010 100 10.1 { 20,000

Table 3.1: Chamber positions, radial dimensions and
wire count.

hexagon. The structure of a small slice of one module
is shown in Fig. 3.3. The hexagons are “stacked”
(vertically in the illustration), in 5 columns, resulting
in a maximum of 5 measurements per module. The
distance between adjacent wires is 1.4 mm.

The wires are held only at the outer edges of the
cylindrical chamber. Consequently, there will be a
dead stripe whose size depends on chamber position
to accommodate the beam pipe. The alternative, fill-
ing the stripe by attaching wires to a ring with radius
that of the beam pipe is unnecessarily complex and
adds significant material in a region of high particle
density.

The chambers are constructed of 6 modules. The
modules are oriented at 0°, 30°, 60°, 90°, 120°, 150°
as sketched in Fig. 3.4. Six views were chosen since
this leads to adequate coverage for all azimuthal an-
gles while maintaining a manageable channel count.
The channel counts for individual chambers are given
in Table 3.1. The channel count for the full system
is 423,000.

3.6.3 Gas filling

A 1 bar gas mixture of 20% DME, 80% Helium ap-
pears most suitable[3]. It has a radiation length of X,
= 951 m and a drift velocity of about 40 pm/nsec in
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Figure 3.3: Layout of the drift chamber wires. A
single cell consists of an anode wire centered on a
hexagonal array of cathode wires. The spacing be-
tween adjacent wires is 1.4 mm. Each module has
five such layers of hexagonal cells as shown. A tra-
jectory is indicated. The radii of circles tangent to
this trajectory indicate the measured drift distance.

¥ 2

p

0 1
distance (m)

Figure 3.4: Geometry of a drift chamber as seen from
the beam direction. Wires are arrayed along 6 direc-
tions at 30° intervals, producing a hexagonal symme-
try. The inner circle is the beam pipe and is drawn
with a radius appropriate for chamber 7 of Spectrom-
eter I.

an electric field of 4 kV/cm[4]. The maximum drift
time in our geometry is 35 nsec. A charged particle
produces about 16 primary electrons per cm in this
gas mixture hence, 5 for a full cell traversal.

38.6.4 Drift resolution

The multidrift tube has been shown[2] to yield a res-
olution of 70 pm per wire in a pure DME gas filling.
With the He/DME mixture proposed here, we expect
to achieve a resolution of 100 pum per wire or better.
Because of the dead stripe in each view, the number
of views per module with hit information and thus
the point resolution, is a function of azimuth and », .
Assuming a drift resolution of 100 pm per wire and
(conservatively) an overall hit efficiency of 90% per
wire, we calculate a localization accuracy, per 6-view
module of about 30 um or better in both vertical and
horizontal directions, for most chambers. The worst
resolution, about 50 um, is seen near the beam pipe
in chamber 5 of Spectrometer I.

3.6.5 Two track separation

For a 2.8 mm drift cell, the average occupancy is
.88/r, particles per cell (see Sect 3.2). The occu-
pancy of the cell closest to the beam will be .20. The
probability of more than one track traversing this cell
is 2%. This, and the high degree of redundancy in the
chamber system will ensure a negligible loss of events
due to track overlap.

3.6.6 Rate capability and aging

The very small cell size and high electric field (> 4
kV/cm in our configuration) of the multidrift cell en-
dow it with far greater immunity to space-charge gain
reduction than conventional proportional chambers.
Bouclier et al.[2] have observed gain reductions of less
than 10% for a particle flux equivalent to 10 mini-
mum ionizing particles per second per cm? using a
DME gas filling. This flux corresponds to the maxi-
mum anticipated flux at a distance of 6 cm from the
beam and maximum luminosity of 5 - 1032 cm~32s™ 2.

DME gas mixtures show excellent aging charac-
teristics, provided suitable materials and high-purity
DME are used. Bouclier et al.[2] report that coun-
ters survive without noticeable modification of gain
up to integrated currents above 1 C/cm. At a gas
gain of 10%, the maximum yearly charge seen by the
COBEX chambers is .05 C, thus the chamber lifetime
is at least 20 years.
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3.6.7 Electronics

Low noise preamplifiers are mounted directly on the
chamber frames. Ten meters away a two stage am-
plifier is used where a 2 nsec clipping and integra-
tion (1/t cancellation) is performed. A discriminator
(with threshold set at 2 electrons on the sense wire)
drives an 6-bit TDC. No pulse amplitude analysis is
performed.

3.7 Resolution and Pattern Recogni-
tion

8.7.1 Pattern recognition in the quadrupole
spectrometer

Full track reconstruction has been performed in the
quadrupole spectrometer. The starting point for this
is the set of 3-dimensional hit positions in the 10
measuring stations positioned upstream, inside and
downstream of the quadrupole. These hit positions
are taken from the Monte Carlo digitizations, and in-
clude the effects of multiple scattering and chamber
resolution, but not those of chamber inefficiencies or
noise. Software is in preparation for the reconstruc-
tion of these “space” points in the chambers, but is,
at the time of writing, incomplete. The track-finding
algorithm proceeds as follows.

As an initial step, straight track segments are re-
constructed in the three chambers upstream of the
quadrupole, based on the track-roads technique. This
is a simple task, as the mean track multiplicity in
these chambers is about 20 per event. Pairing hits in
chambers 1 and 3, corresponding hits are looked-for
in chamber 2 with a road width of 0.12 cm in both
projections. Using only tracks which have a physical
intersection with all three stations and have an ori-
gin with |z| < 30 cm, and momentum greater than
0.2 GeV/c, a segment finding efficiency of 99.4% is
obtained. Essentially all the inefficiency is for low
momentum tracks (<0.5 GeV/c) at large azimuthal
angles, which are not reconstructible in the rest of
the spectrometer anyway. A contamination of 2.7%
“ghost” segments is found, but the majority of these
fail to have associated tracks in the rest of the spec-
trometer.

The second step of the track finding is to look for
hits in the remaining chambers (4-10) which corre-
spond to the reconstructed upstream segments. As
the momentum of a given segment is unknown, no
unique hit positions can a priori be predicted in the
downstream stations. However, for a given segment,
a “candidate” may be found by associating with it a
hit in a reference station downstream. The position
of this hit in one projection defines a momentum for

the candidate, and this momentum constrains the po-
sition in the other projection, providing a criterion for
acceptance or rejection of the candidate. In this way,
all combinations of segments and points in the refer-
ence station may be tested, with only a small propor-
tion surviving. These will either be genuine combi-
nations or random coincidences. The size of the road
used for testing of the criterion is dictated by the spa-
tial resolution in the reference station, the resolution
on the parameters of the segment, the effects of mul-
tiple scattering and deviations of the magnetic field
from the model used (none in this simulation). The
larger it is however, the more ghost combinations will
be accepted.

As tracks may propagate out of the quadrupole at
any point along its length, the reference station to be
used for the above analysis may not be too far down-
stream, otherwise large acceptance loss will result.
On the other hand, if it is too far upstream, the mo-
mentum resolution is too poor to allow a narrow road
to be defined. Based on the nominal angular accep-
tance of COBEX of 600 mrad, station 5 is used as the
reference plane. The road width for the second pro-
jection is defined by the requirement of maximization
of the track-finding efficiency, resulting in a value of
0.5 cm. With this conservative approach, a relatively
large number of ghost combinations results. These
are reduced significantly however by the requirement
of a corresponding hit in station 4, this providing two
additional constraints, one in each projection. In this
way, good efficiency and small ghost contamination
are obtained, as described below.

According to the above discussion, a reconstructed
track is defined as one which has consistent hits in
at least stations 1-5. If it satisfies this condition, it
is accepted. With all its parameters defined, hits are
searched for in the remaining downstream stations,
and are included where found. In fact, where tracks
pass through chamber 6, the momentum is recalcu-
lated, to allow the road width to be reduced some-
what in later planes.

Finally, in order to reduce further the contribution
of ghost tracks, where more than one track uses the
same hit in station 3, only the one which uses the
maximum number of hits is used, as this is the least
likely to be a ghost.

With our definition of a track, only tracks which
intersect all of chambers 1-5 are reconstructible. In
order to define the track-finding efficiency therefore,
as well as the momentum and vertex position require-
ments listed above for segments, only Monte Carlo
tracks which intersect statioms 1-5 are used to test
the algorithm. Out of these, we find an efficiency of
99% with a ghost contamination of 1%.
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Figure 3.5: Average momentum resolution (8p/p)
versus track momentum for incident polar angles of
20 mrad and 500 mrad. The angles chosen provide
the effective upper and lower limits on the resolution
of the spectrometer.

3.7.2 Momentum resolution

Figure 3.5 shows the average momentum resolution of
the COBEX spectrometer system as a function of mo-
mentum for two incident angles. The angles, 20 mrad
and 500 mrad, were chosen to indicate the effective
limits of the spectrometer resolution. The momen-
tum resolution was measured by transporting par-
ticles through the spectrometers using the COBEX
Monte Carlo and fitting a charged particle trajectory
to the simulated chamber hit information!. Vertex
information was not included in the track fits, even
though doing so could significantly improve the mo-
mentum resolution in some cases.

Low momentum, small angle tracks are bent by
the quadrupole field and measured by the chambers
inside and behind the quadrupole magnet. This re-
sults in a poor momentum resolution for such tracks.
With increasing momentum, the small angle tracks
are measured more often by the dipole spectrome-
ter with an increasingly good resolution. At a mo-
mentum of ~ 5 GeV the resolution reaches the mul-
tiple scattering limit for the dipole spectrometer of
6p/p ~ 1073. The resolution of higher momentum
particles (P > 20 GeV) is limited by the chamber
resolution at ép/p =~ 3-105p.

At much larger angles (as demonstrated by the

1The COBEX Monte Carlo and track fitting packages are
described in section 9.1.

500 mrad curve), low momentum particles pass
through the chambers in front of and inside of the
quadrupole, but tend to be bent out of the first spec-
trometer before the end of the magnet. With increas-
ing momentum a larger fraction the tracks will pass
through the magnet to be measured by the follow-
ing chambers, thus ameliorating the resolution. This
tendency is not very pronounced in the 500mr tracks
since they are so close to the magnet wall, even high
momentum particles are lost. This more than com-
pensates the higher fields at large angle to make the
500mr curve an upper limit on the resolution.

3.7.3 Mass resolution

The B-mass resolution depends strongly on the
final-state multiplicity of the decay mode under
study. The reconstruction of a variety of de-
cay modes has been studied (see Sect. 9), includ-
ing By — J/$K?, with a multiplicity of 4 and
B,—-D;xtatx™,D,—K*K~ ", with a multiplic-
ity of 6. The mass distributions for these modes are
shown in Figs. 9.1 and 9.2. The r.m.s. widths are 7.7
MeV and 10.3 MeV, respectively.
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4 Silicon Microvertex Detector

4.1 Design Requirements

The silicon microvertex detector, shown installed in-
side the vacuum pipe at the center of the interac-
tion region in Fig. 1.2, has been the subject of exten-
sive R&D efforts[1] by our collaboration for several
years. It is a development which allows microvertex
detector capability to be added to any forward de-
tector through which a storage ring beam pipe must
pass; the interactions could be beam-beam, as in this
proposal[2], beam-wire[3] or beam-gas jet[4].

For use with a forward detector, the essential re-
quirements are the following:

e Silicon detector planes are perpendicular to the
circulating beams.

e A gap or hole in the detector planes is needed,
through which the circulating beams can pass
without obstruction.

e The planes are mounted inside the machine vac-
uum, on Roman pot devices, so that they can
be positioned an appropriate distance from the
beam to achieve the desired minimum angle cov-
erage, and be retracted during beam manipula-
tion.

e Inorder to shield the silicon detectors against RF
pickup, due to the circulating charge bunches,
the silicon detectors are covered by a thin alu-
minum window. In order to avoid collapse (ac-
tually, “blowout”) of the window, the silicon de-
tectors must operate in a secondary vacuum.

_~ In a collider experiment, with a beam-beam longitu-

dinal source size of length 5 cm or more, the following
requirements must also be met;

e In order to minimize the extrapolation distance
to all possible interaction vertices, the silicon
system is positioned at the center of the interac-
tion region and the horizontal distance between
planes is about 4 cm.

e Silicon planes are also distributed beyond the
source size, in order to have complete accep-
tance and good track definition. In particular,
the minimum angle acceptance must match that
of Spectrometer II in Fig. 1.2.

Fig. 4.1 shows a sketch of the 6-plane 43,000
channel silicon-strip system, that was constructed at
CERN in 1990 by the P238 collaboration[1], and run

Figure 4.1: Sketch of the P238 silicon detector con-
figuration. 48 4.5 cm square detectors are organized
into six planes perpendicular to the beam axis, each
with four quadrants. Each quadrant has indepen-
dent x and y detectors, back to back, separated by 2
mm. The beam enters perpendicular to the page at
the center of the gap between the upper and lower
sections.

in intersection LSS5 at the SppS-Collider from Sept.-
Dec. 1990. Each of the 6 planes comprised four quad-
rants of 4.5 cm square detectors (50 pgm pitch) with
independent x and y planes back-to-back. The cir-
culating beams pass through the slot between upper
and lower sections at the center of the system and are
perpendicular to the system.

Since the details of the design and construction of
the P238 system are described in Ref. [1], we just
summarize the essential features here. We then dis-
cuss the differences between the P238 system and
what we propose to build for the full COBEX exper-:
iment at LHC. One point that we can immediately
mention is that the full LHC system will contain 16
planes, with 4 cm separation between planes.

Fig. 4.2 is a sketch of the installation of the P238
silicon detector in the Roman-pot system The 6 sil-
icon planes are the vertical lines just above and be-
low the beam line. The actual pots, with 2 mm wall
thickness, are shown by the thin vertical lines close
to the bellows. The pot bottoms (sides closest to the
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beam line) are closed by the undulating 200 um thick
aluminum window, shown by the thin lines in the fig-
ure. The reason for using an undulating window of
that type, rather than simply a square box bottom,
is that this design minimizes the material closest to
the beam and also reduces the interactions of small
angle tracks.

Figure 4.2: Side View of the full detector assembly
and Roman pots[1]. The edges of the 200 pm-thick
aluminum RF shields closest to the beam (shown as
the thin curved lines near the silicon detectors) nor-
mally ran at a distance of 1.5 mm from the circulat-
ing beams (corresponding to a 3 mm gap). The black
horizontal pieces at top and bottom of figure are the
vacuum bulkheads bolted to the Roman pots. The
grey sections form the support structure for the sili-
con detectors. The bellows (zig-zag lines) allow pot
movements in the vertical direction.

Fig. 4.3 shows an enlargement of two silicon de-
tector half-planes. The outer edge of the aluminum
window was positioned 1.5 mm from the center of the
circulating beams. There was an additional 1.6 mm
“dead space” from that point to the first sensitive
silicon strip. This dead space consisted of the 200
pm aluminum thickness, 900 pm gap between inner
aluminum wall and edge of silicon plus an additional
500 pm in the silicon. As discussed below, all these
distances can be reduced by a factor of two in the
future version constructed for COBEX.

Figure 4.3: Side View showing two planes in a half-
detector. The y-view detectors for each plane are
on the left of the corresponding x-view detectors.
The readout hybrids are glued to aluminum brack-
ets which are bolted to the water-cooled base plate,
and also serve as heat sinks.

4.2 Run Experience

The most remarkable thing about the P238 expe-
rience was that the system behaved exactly as ex-
pected. There were no surprises. Some 7-million min-
imum bias events were recorded on tape during the
P238 run. The cleanliness of the events demonstrated
that the silicon detector could be run routinely with
the aluminum shield only 1.5 mm from the circulating
beams with no detectable RF pickup and no signifi-
cant beam halo particles. 1.5 mm corresponds to 20
beam widths (200) and thus the detectors were not
expected to be at risk. In practice, the stability of
the pot mechanism and of the beam orbits gave no
cause for concern.

The general cleanliness of the events is demon-
strated, for example, by the top view of a typical
event in Fig. 4.4. Essentially all hits are track re-
lated. The relatively small size of the silicon detectors
(4.5 cm square in the P238 system, but perhaps 5 :m
square in a larger system) led to an impressive signal
to noise ratio of about 25 for almost all detectors.

Fig. 4.5 with a side view of a typical P238 event,
whose vertex occurs near the center of the detector,
illustrates several important features of the proposed

22



Run 393 Event 891 Top View
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Figure 4.4: Top view of a typical high-multiplicity
event in P238[1]. Silicon detectors are represented
by horizontal lines. Distances between planes are 3.8
cm; the total detector width is 2 x 4.5 cm. Found
clusters are shown as vertical lines, with length and
width proportional to the cluster pulse height and
width, respectively. Signals are shown if they are
larger than 4o (noise). Solid (dashed) lines are tracks
in the upper (lower) half detector.

system:

e tracks are seen in both hemispheres and aid in
the primary vertex determination (even though
there is a spectrometer system only on one side).

o Because the silicon detectors are in a field-free
region, straight line tracks are easily found in
real time, and extrapolated to X =Y = 0 to
obtain an online estimate of the longitudinal (Z)
vertex position.

e Analysis of our P238 real data has shown that
X,Y,Z of the primary vertex can be determined
online with uncertainties (0,,0y,0;) = (30, 30,
210) pm, respectively. As discussed in Chapt. 8,
this allows a very effective trigger algorithm to be
implemented in real time. The better determina-
tion of the primary vertex position offline, when
momentum knowledge of the tracks can be uti-
lized, results in a determination of the B-meson
flight path, with an uncertainty, o = 108 pm.

This leads to an uncertainty in measurement of
an event’s proper time of o(r)/7 = 5%.

Run 393 Event 9460

Side View

Figure 4.5: Side view of a P238 event whose vertex
is near the center of the detector. Tracks in both
forward and backward hemispheres are seen. Trans-
verse and longitudinal vertex positions (x, y, z) can
be determined online with errors of 30, 36 and 210
pm, respectively.

Fig. 4.6 shows the offline vertex distributions in the
transverse directions, which profile the beam rather
well. The pots could be repositioned for each run,
after stable beams were achieved, with a precision of
about 25 pm. During the course of a run, the SPS
beams varied by less than +100 pym in the vertical
and horizontal directions with respect to our detec-
tors. It is important to note that this is essentially a
“self-calibrating” system, in that it takes only a small
number of events to determine online where the beam
is with respect to the detector at the beginning of
each run. These constants are input to the trigger
processor discussed in Chapt. 8.

There are several additional technical advantages
of the system sketched in Fig. 4.2. Since the silicon
detectors operate in a secondary vacuum, separated
from the main machine vacuum (and the circulat-
ing beams) by the 200 pym aluminum RF shield, the
extraction of signals from the large silicon system
proved to be relatively simple. Because of the sec-
ondary vacuum, there were rather minimal require-
ments on the quality of the feed-throughs.
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Figure 4.6: (2) x and (b) y vertex distributions for
a large sample of events. The curves are Gaussian
fits with ¢ = 100 and 84 pm, respectively. After
unfolding a resolution error of 30 pm from the y-
distribution, a beam o of 76 pm is found.

4.3 Beam Halo Measurements

Although the events were visually very clean, we at-
tempted to obtain a quantitative measure of the num-
ber of beam halo tracks which traversed the detector
per beam-beam interaction. For a sample of mini-
mum bias P238 data, Fig. 4.7 (upper) shows the slope
(in 3-dimensions) between the normal to the silicon
planes and all tracks which had a projected impact
parameter larger than 1 mm from a found vertex.
The spike at zero are identified as halo tracks.

The halo candidates are selected by requiring a
slope less than 0.005. Fig. 4.7 (lower) shows the in-
tegral number of halo tracks versus time for several
different runs. The worst case run corresponded to
about 1 halo track per 100 interactions. In any case,
such halo tracks present mo problems at all to the
topology trigger discussed in Chapt. 8, because their
impact parameter results in their being rejected by
the algorithm.
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Figure 4.7: Upper plot: Candidates for halo tracks
which have more than 1 mm impact parameter with
a primary vertex. The quantity plotted is the 3-
dimensional angle between the track direction and
the normal to the silicon detectors. The peak at zero
contains halo tracks. Lower plot: integral number of
halo tracks versus time during four different fills. the
upper curve corresponds to one halo track per 100
events.
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4.4 Simulatien of the Silicon Data

We have modeled the P238 minimum bias silicon
data using the event generator PYTHIA 5.6[5] and
GEANT 3.14[6]. We could then test the reliability
of the Monte Carlo calculations by comparing the
Monte Carlo events with the real data. For exam-
ple, Fig. 4.8 shows such a comparison. The quantity
plotted is the fraction of events with a x? value larger
than the abscissa value. As discussed in some detail
in Chapt. 8, the x? is formed from the projected im-
pact parameters of the tracks with respect to the pri-
mary vertex and tests the hypothesis that the tracks
come from a single vertex. The essential point is that
it demonstrates the reliability of our Monte Carlo cal-
culations. Were this detector not a truncated 6-plane
system, Fig. 4.8 would be the the minimum bias sup-
pression obtained offline. See chapter 8 for detailed
Monte Carlo calculations of the trigger efficiency us-
ing the silicon system.

18""5'7ﬁx‘ A L B LA BLALL A
® P238 Data
- O  Monte Carlo
-1
510 - _
c 8 ]
2
2 | |
=
- 8
Lw 102.— g 3
', 5
J "$4 4 v ]
10 FURFEETSTE IR SO RIS UN Y (S ST A SR i
0 10 20 30 40 50 60

X’ - cut

Figure 4.8: Trigger efficiency vs. x? for the 6-plane
P238 silicon system. Real data are compared with
Monte Carlo predictions.

4.5 The COBEX Silicon System for
LHC

For LHC, the silicon support structure has to be
redesigned to allow track clearance up to 600mrad.
The aluminum window thickness will be reduced to
100 zm, contributing to decreasing the “dead space”
between the inner edge of the aluminum window and

the first silicon strip. The gap between silicon and
aluminum will be reduced to 400 um and it should
be possible [7] to rteduce the dead space in the silicon
from 500 pm to 250 um. Thus, the total dead space
in the new system would be 0.8 mm in place of the
1.6 mm in P238.

Double sided silicon detectors will be used with the
addition of the best available pixel detectors at the
time. Faster readout chip electronics that can cope
with the 25 nsec bunch spacing will also be utilized.
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5 Ring Imaging Cherenkov
Counters

Particle identification will be accomplished with
a system of focused liquid and gas Ring Imaging
Cherenkov (RICH) counters, supplemented by elec-
tromagnetic calorimeters and muon filters. The
RICH counters are designed to identify almost all
hadrons from B decays as well as leptons below 10
GeV/e.

The geometries of the RICH counters are indicated
in Fig 1.2. In Spectrometer I, a focused liquid RICH
counter is positioned immediately following the pixel
chamber, between z = 0.35 m and 0.65 m from the in-
tersection. A gas RICH counter is positioned behind
the quadrupole, at z = 4.65 m. In Spectrometer II,
the gas RICH counter occupies the region from z =
4.65 m to 6.30 m, and is followed by a focused liquid
RICH counter.

5.1 Description of the Proposed Tech-
nology

We propose to use a variant of the recently devel-
oped RICH detectors with fast-cathode pad photon
detectors|1, 2, 3]. In summer 1993 such a RICH pro-
totype was successfully tested at CERN in a = test-
beam [4]. The module tested was a proximity focused
counter with a solid LiF radiator. The Cherenkov
angle resolution obtained was 14 mrad, near to the
expected resolution of 12 mrad from an analytic cal-
culation. In all other respects, its response was as
predicted, with little noise and no photon feedback.

The detector plane, a photon-sensitive asymmet-
tic MWPC with cathode-pad readout, is sketched in
Fig. 5.1. It consists of a 3 mm thick fused quartz
window whose inner surface is coated with 100 pym
metallic strips with 1.5 mm pitch (7% opacity) which
define an equipotential surface. This is followed by a
plane of 50 um anode wires with a 1.24 mm spacing.
A plane of 5 mm x 6.6 mm cathode pads is positioned
0.5 mm below. The cathode pad plane is coated with
a CsI/TMAE photon converter. The readout elec-
tronics are mounted on the back side of the detector
plane and are 34 mm deep.

5.2 Liquid RICH Counters

A preliminary design for the Spectrometer I focused
liquid RICH calls for an 8-fold azimuthal segmenta-
tion of both focusing mirror and detector plane. A
cross-section through one such segment is shown in
Fig. 5.2. The Spectrometer II liquid RICH is similar,
differing only in radial dimensions.

Sense Wire
\
3mm \ Quartz
25 \
05 e~

35

: > Readout electronics

Figure 5.1: Side view of a photon detector. The un-
derside of the quartz window is an equipotential sur-
face. Anode wires are arrayed 2.5 mm below and
CsI/TMAE-coated cathode pads are a further 0.5
mm. Two readout modules are shown.

The focusing mirror has a radius of 1.5 m and is po-
sitioned about 20 cmn behind the detector plane. The
1 cm thick CgF14 liquid radiator follows the contour
of the mirror and is held in place by a 3 mm thick
fused quartz window. The detector angle and mirror
position are optimized for a track of 250 mrad. The
detector plane is of the type described in Section 5.1.
The material in the liquid RICH counter is 15% of
a radiation length. This can probably be reduced to
12%.

The expected performance of the lignid RICH
counters is shown in Table 5.1. The number of pho-
toelectrons obtained and the 30 momentum limits
on 7/K separation shown assume a detector plane of
infinite area. The images of tracks will however be
truncated by the finite radial extent of the real de-
tector (see Fig. 5.2), resulting in a loss of up to half
the produced light. Since the 3o limits vary as the
inverse fourth root of the number of photoelectrons,
the upper limits for some angles will be up to 18%
less than the values indicated.

5.3 Gas RICH Counters

Both gas RICH counters have photon detectors of the
type described in Sect. 5.1 at their upstream ends, fol-
lowed by gas radiators, then focusing mirrors. The
gas radiators are 75 cm of CsF12 (yr = 16.3) in Spec-
trometer I, and 165 cm of a mixture of CsFq3 and CFy
with y7 = 28.8 in Spectrometer II. The gas counter
optics do not require mirror segmentation but practi-
cal considerations will force segmentation into a man-
ageable number of pieces (probably eight).

The performance of the gas counters is summarized
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Figure 5.2: A cross-section through a segment of the
Spectrometer I liquid RICH counter. The focusing
mirror is positioned about 20 cm behind a detector
plane. A 1 cm thick CgF;4 liquid radiator follows the
mirror’s contour. The detector plane is inclined at
260 mrad from the vertical. The trajectories of a 250
mrad track and two Cherenkov photons are indicated.

in Table 5.2. The table demonstrates that the per-
formance is uniform, with little dependence on track
angle: the 3¢ upper limits for /K discrimination
vary by 10% over the aperture of the Spectrometer I
counter and negligibly over the Spectrometer II aper-
ture.

The Cherenkov angle resolutions are dominated by
the contribution due to photon measurement error,
i.e. pad size, particularly in Spectrometer II. It is
possible to reduce this error by reading out the anode
wires as well as the cathode strips. Photons which
give a single cathode hit would then be measured
with higher precision using the hit wire position. We
estimate that this would, for example, push the 3¢
momentum limit for n/K separation up to 90 GeV in
Spectrometer II. Reducing the pad size to 5 mm x 5
mm and reading out the anodes would push this 3¢
limit to 100 GeV.

5.4 Summary

Fig 5.3 shows the momentum ranges for unique iden-
tification amongst particle pairs in the liquid and gas
radiators. Between the Cherenkov thresholds for any
particle pair, discrimination is based on the presence
or absence of light. Above both thresholds, an es-

[ og (mrad) Nge | Pr/x
pad | z tot. ave. GeV

0° 1.04 | .0003 | 2.81 2.81 33 |98

5° | 0.48- | 0.02- | 2.77- | 2.97 | 33 | 9.5
1.89 | 1.35 { 3.50

10° { 0.21- | 0.09- | 2.79- | 3.42 | 32 | 8.8
3.39 | 3.77 | 5.72

15° | 0.41- | 0.78- | 2.84— | 4.77 | 23 | 6.8
7.71 11.0 13.8

Table 5.1: Performance of the liquid RICH counter
as a function of incident track angle relative to the
normal to the detector. The full ranges of pixel
width, photon-emission-point, and total resolutions
as a function of azimuthal Cherenkov angle are given,
followed by the total error, averaged over agimuth,
the number of photoelectrons, assuming an infinite
detector plane and the maximum momenta for /K
separation to (30).

timate of the Cherenkov angle must be made. The
indicated upper limits are the highest momenta for
which a 3o difference between predicted Cherenkov
angles for two particle types can be measured. For
the liquid radiator, the upper limit for /K separa-
tion is shown as 8.5 GeV. The corresponding numbers
in Table 5.1 are for the most part above this, but do
not include light loss due to finite photon detector
size. For the gas radiators, the limits shown corre-
spond to those in Table 5.2 since light loss is limited
to a small region near the counter walls.

The number of channels for all RICH counters is
summarized in Table 5.3. The total channel count of
800,000 is largely dominated by the Spectrometer I
gas RICH counter.
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Figure 5.3: Momentum Ranges of RICH Counter
Identification. For each indicated pair of particles,
the upper bar in each set indicates the range of the
liquid RICH counters and the lower bars are the
ranges of the gas RICH counters in Spectrometers
I and I In all cases, the open bars show the momen-
tum range between the thresholds for the lighter and
heavier particles. The 3o separation upper limits are
indicated by the end of the solid bars.

] o (mrad) Npe | Pr/x
pad | (E) | average GeV
Spectrometer 1
0° 0.77 | 0.35 | 0.85 16 54.3
5° 1 0.77 1 0.35 | 0.85 16 | 54.1
10° | 0.77 | 0.35 | 0.90 16 | 52.7
15° | 0.77 { 0.35 | 1.03 16 | 48.9
Spectrometer II
0° 0.59 | 0.21 | 0.62 9 75.5
2° 1 0.59 | 0.21 | 0.62 9 75.4
4° 0.59 | 0.21 | 0.62 9 75.4
6° 0.59 | 0.21 } 0.61 9 75.3

Table 5.2: Expected performance of the gas RICH
counters as a function of incident track angle. For
each track angle, two contributions to the angular
resolution on the Cherenkov angle are given (photon
position measurement and chromatic aberration) fol-
lowed by the total resolution per photon, averaged
over azimuth, the number of photoelectrons and the
30 momentum limits for /K separation.

Spect. | Type | Radius | Pixel Size | Channel
(m) mm X mm | Count
1 Liquid | 0.5 5.5 3.1.10°
II Liquid | 0.6 5.5 4.5-10*
I Gas 1.7 3-4 6.6-10°
II Gas 0.5 3-4 6.5- 10%
Table 5.3: Number of channels in each RICH counter.
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6 Electromagnetic Calorimeter

The design goals of the electromagnetic calorimeter
system are:

e to provide electron identification for particle mo-
menta above the effective range of the RICH sys-
tem over the full spectrometer aperture,

e to provide precise ¥ four-vectors for high resolu-
tion mass reconstruction of B decays containing
a single v or a single 7° over part of the spec-
trometer aperture.

6.1 Geometry

As shown in Fig. 1.2, the calorimeter coverage is di-

—. vided into 3 angular regions:

e 350 mrad to 600 mrad: The angular re-
gion subtended by the quadrupole magnet is
covered by a relatively low-resolution cylindrical
calorimeter which lines the inside of the magnet.

e 100 mrad to 350 mrad: This angular region is
covered by a high-resolution calorimeter located
at z = 5.4 m.

e below 100 mrad: This angular region is cov-
ered by a high-resolution calorimeter located at
z=10.1m.

6.2 The Quadrupole Calorimeter

The region between 600 mrad and 350 mrad (1.2 <
71 < 1.7) will be covered by calorimetry used only for
electron/hadron separation. The calorimeter will line
the inside of the quadrupole and will consist of an ar-
ray of 1 mm tungsten / 4 mm scintillator sandwiches
running the length of the quadrupole and viewed at
each end by a phototube. The longitudinal position
is inferred from the ratio of pulse heights.

The azimuthal segmentation will be about 10 cm,
for a module count of 94. The use of tungsten al-
lows for a compact device: 9 radiation lengths in a
thickness of 15 cm. The average number of charged
particles and photons per event in this rapidity range
is 6 (combined), thus the average occupancy is 6%.

The need for this calorimeter has not been firmly
established. It is meant as a supplement to the Spec-
trometer I liquid RICH counter which ceases to pro-
vide effective electron/hadron separation above 2 to 3
GeV. If, after further simulation, it is found that this
calorimeter does not add substantially to the yield of
tagged, reconstructed B mesons, it will not be built.

6.3 Calorimetry Below 350 mrad

The aperture below 350 mrad will be covered by high-
resolution radiation-hard electromagnetic calorime-
try. The principle design problem for the forward
calorimetery is the high radiation dose.

6.3.1 Lead Tungstenate

The calorimeter medium which comes closest to satis-
fying our requirements is PbWOQy crystals. The task
of understanding the properties of these crystals has
only recently begun[1l] and considerable progress is
still being made [2]. To date, these crystals have
been shown [3] to have energy resolution of o(E)/E =
.03/vE @ .064/E, with E in GeV.

The light produced is a combination of Cherenkov
light and three components of scintillation light with
time constants 7 = 2 ns(30%), 7 ns(35%) and 35
ns(35%). The emission spectrum is centered at 480
nm and has a full width of 130 nm. The radiation
length is 0.9 cm.

PbWOy, crystals have been shown to be extremely
radiation resistant. Up to doses of 10% Gy, the optical
properties remain nearly unchanged and for a dose of
10® Gy, the transmission decreases by no more than
30%. Furthermore, the crystals recover quickly from
radiation damage: after a period of 15 days, much
of the transmission loss occurring after irradiation to
108 Gy is recovered. The subject of radiation damage
to these crystals is being actively pursued. It is of
particular interest to understand their behavior when
gradually accumulating a large radiation dose over a
period of a year or more. The observed self-annealing
effects imply that the radiation limits in the LHC
operating environment are likely be 10° Gy or more.

6.3.2 Cell structure

The cells will have square cross-section and a length
of 22 cm (~ 25 radiation lengths). The choice of
granularity must be based on considerations of x°
opening angle, cell population, v position, resolution
and cost. This matter is currently under study. For
the purposes of estimating channel count, we assume
cell size of 4 x 4 cm? for all cells, leading to chan-
nel counts of 6,500 for Spectrometer I and 1,900 for
Spectrometer II.

6.3.3 Radiation considerations

Starting from Ref. [4], we derive the following formula
for the maximum yearly (i.e. an integrated luminos-
ity of 5- 10% pb~1) radiation dose in Gy, to a PbWO,
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calorimeter:

14.0 - €297
dose = — Q=
z
where 7 is the pseudorapidity, and z is the distance in
meters from the intersection region to the front face
of the calorimeter along the beam.

For the Spectrometer I calorimeter, the maximum
dose rate will be 3 kGy per year at 100 mrad. This
dose rate poses no particular problem for PbWO,.

At the Spectrometer II minimum-angle acceptance
cutoff of 10 mrad, the maximum dose will be 650 kGy
per year. At 20 mrad, the maximum yearly dose
will be 90 kGy and at 40 mrad, the maximum dose
rate falls below 10 kGy. Thus, above 40 mrad, the
calorimeter lifetime is probably at least 10 years.
Between 20 mrad and 40 mrad, periodic (of order
yearly) replacement of crystals may be necessary. It
may prove impractical to instrument the region below
20 mrad.

6.8.4 Performance

To evaluate the contribution of calorimeter resolu-
tion to the B-mass resolution, we have simulated
the final state B —x2K?, Xe2—J /%7, J/¥—utp",
K?2—xtx~. This final state is similar to the much-
studied B —J/9$K?, except that it contains a v and
an additional mass constraint which should prove use-
ful for background discrimination.

We generate events using Pythia and restrict our-
selves to those containing B-mesons whose charged
decay products are within the 600 mrad aperture
and whose v is within the 10 mrad to 350 mrad
calorimeter aperture. (We note in passing that if
the calorimeter aperture extends to only 20 mrad,
the loss in acceptance will be 15%.) We smear the
4 four-vector using the energy resolution given in
Sect 6.3.1 and assume a 1 cm position resolution.
Using the generated four-vectors for the charged de-
cay products and the smeared v four-vector, we cal-
culate the J/¢yK? invariant mass. Since generated
four-vectors are used for the charred particles, the
width of the resulting mass distrivution is just the
contribution of the calorimeter resolution and must
be added in quadrature with the resolution due to
charged particle momentum resolution. We find an
r.m.s. calorimeter contribution to the B-mass resolu-
tion of 24 MeV which, when added to charged particle
contribution of 7.7 MeV (see Sect. 9.2.1) results in an
overall B-mass resolution of 25 MeV.
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7 Muon System

A muon detection system covers the angular aper-
ture of the second (100 mrad) spectrometer. This
system serves the dual purposes of providing a fast
signal for single or multiple high pr muons (see dis-
cussion in section 8.2) and of identifying muons that
are too fast to be uniquely identified by the RICH
counters. A second absorber behind Spectrometer I
is under consideration. This would probably not be
used for triggering, but could provide needed muon
identification for tagging.

The Spectrometer II muon detector comsists of a
2.5 m long iron filter with gaps for measuring stations
after 1.5 m, after 2 m, and at the end of the filter. The
muon filter can be constructed of iron blocks leaving
a square hole ~ 25 cm on a side for the passage of
- the beam pipe. The 2.5 meters of iron correspond
to 15 interaction lengths. This should be sufficient
to reduce triggers from hadron punch-through to less
than the background rate due to 7* and K* decays.
Also, muons typically lose 4 GeV in traversing the
iron. Thus, muons of less than 4 GeV are absorbed in
the iron, reducing the number of background muons
detected.

Since the main purpose of the muon detector is
for use as a fast trigger in a high luminosity environ-
ment, the chambers used in the system must have a
time resolution of less than the bunch crossing time
(25 nsec). The position resolution need only be good
enough to provide adequate online resolution, and to
enable the matching of the muon track to its tra-
jectory in the spectrometer, where precision momen-
tum and pr determinations are made. Cathode strip
readout chambers are under investigation as a de-
tector which is intrinsically fast enough to provide
a signal every beam crossing. Coarse cells of 1 cm
width give an adequate online momentum resolution,
as discussed below.

A fast trigger signal is provided when muon cham-
ber hits are seen to be consistent with a > 15 GeV
muon. This fast trigger is generated by coincidence
logic located on or near the muon chambers. Since a
15 GeV track bends by 100 mrad in the spectrometer
dipole magnet, the road width is small. For example,
using 1 cm readout strips on chambers separated by
50 cm, a given strip in chamber 2 needs to be com-
bined with only 10-12 strips in each the first and third
muon chambers. The coincidence logic necessary to
implement this trigger is therefore quite simple.

The muon momentum resolution attainable on-
line from the chambers in the muon detector is lim-
ited by two main effects. First, multiple scatter-
ing in the absorber smears the muon direction by

0.23 GeV/p. This results in a momentum resolution
limit of ép/p = 15%. With 1 cm strips, the con-
tribution to the online momentum resolution due to
the chamber resolution is ép/p = 4.1-1073p. Ad-
ditional effects which could contribute to the online
resolution are the bending in the quadrupole, and an
uncertainty in the interaction position. These effects
should be small relative to the multiple scattering
and chamber resolution contributions. Thus, the on-
line resolution ép = 2.6 GeV at p = 15 GeV, the
Level 0 trigger threshold.
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8 Triggering & Data Acquisi-
tion
Three Level-1 triggering schemes are contemplated:

e Topology trigger (silicon) for luminosities up to
5-.10% cm~3%s71,

e Single muon trigger for luminosities up to
5.10%2 em—32s71,

e Dimuon trigger for luminosities as high as
5.10%% cm~%s—1,

Table 8.1 shows the mean number of interactions
per bunch crossing for these three luminosities.

Luminosity | #
em~2s~1
5.10%1 0.09
5.10%2 0.9
5.103%8 9

Table 8.1: Average number of inelastic interactions
per bunch crossing for low and high luminosity pp
running, assuming 25 nsec bunch spacing and 70
mbarn inelastic cross section.

For the “low luminosity” running, we propose to
use a topology trigger which uses hit information
from the silicon microvertex detector. The good effi-
ciencies that can be obtained, coupled with the rela-
tive lack of final state bias, make this the trigger of
choice for general purpose B-physics at lower lumi-
nosities. However, it becomes overwhelmed by spuri-
ous triggers from pileup effects (multiple interactions
in a bunch crossing) at high luminosities.

The second is a single high-p; muon trigger, which
will work at luminosities larger than 1032 em~2s~1,
and is limited only by the rate capabilities of the data-
handling hardware. Despite its lower efficiency (ex-
cept for muonic B decays and especially B—~J/1 -
see below), the muon trigger is perhaps the only ef-
fective general purpose B trigger at high luminosity
proton-proton colliders.

The dimuon trigger will be used for maximum
“reach” for the rare final state B,—utu~. In this
high luminosity running mode, the silicon system will
be retracted to 1 cm from the beam, and the RICH
counters and EM calorimetry will be removed.

In all cases, high rates of minimum bias, beauty
and charm events emerge from the Level-1 trig-
ger. It will be necessary to pass these events
into a powerful online computational system, where
momentum-analyzed tracks from the spectrometers

will be matched with tracks in the microvertex detec-
tor. Full multi-vertex reconstruction will be done in
order to select interesting events for writing to tape.

8.1 Topology Trigger

The strategy of the Level-1 topology trigger, which
uses digitized silicon hit information, is to search for
events which are inconsistent with having a single
vertex.

Complete GEANT simulations have been made of
the silicon detector response to PYTHIA-generated
minimum bias, inclusive beauty and charm events
and a Level-1 topology trigger algorithm was devel-
oped using these events. This algorithm provides a
minimum bias suppression of 1/100 with a B-Meson
efficiency of 20-50% (depending on final state multi-
plicity), corresponding to a beauty enhancement fac-
tor of 20 to 50. The algorithm is sufficiently concise to
allow implementation in a pipelined data-driven trig-
ger processor[1]. The suppression of minimum bias
background is sufficient to allow efficient transfer of
accepted events to a Level-2 trigger processor farm
for further filtering.

The COBEX topology algorithm consists of the fol-
lowing steps:

s Point Finding: The raw silicon hit informaticn
is transformed into points independently in the
x-z and y-z planes. A point is defined as the
geometrical center of a cluster (contiguous hit
strips). The average cluster width is 1.6 strips. A
comparison of the points found in this way with
the original track coordinates shows that they
have a resolution of 16 pm (FWHM). Although
the total event charged track multiplicity is high,
one quadrant sees on average, less than 1/8 of
the total, resulting in the rather modest mean
multiplicity of 2.5 points per quadrant.

¢ Track Finding: Next, straight lines which tra-
verse at least three planes of silicon, are found in-
dependently in both hemispheres in their x-z and
¥-z projections, using a road width of one silicon
strip or (25 pm). This rather stringent collinear-
ity cut corresponds to the multiple scattering of
a 2 GeV/c track and thus tends to reject tracks
with lower momentum which degrade the vertex
algorithm. It also tends to reduce the number
of ghost tracks. On average, the algorithm finds
about 80 % of the tracks present, mainly losing
low momentum tracks which fail the collinearity
test. No attempt is made to match the views
online.
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e Duplicate Rejection: The track-finding algo-
rithm tends to find several segments of the same
track with different hit combinations. Moreover,
due to the narrow road width, tracks which suf-
fer from large multiple scattering can be found
in more than one non-overlapping segment. The
duplicate rejection process attempts to remove
all segments but the one with a hit closest to the
beam.

Primary Vertex Approximation: In order to
define the subset of found tracks whose origins
are near the primary vertex, we need to have a
first estimate of this vertex position in the longi-
tudinal coordinate, z. This estimate is made by
histogramming in 5 mm bins, the z-intercepts of
all the found x-z and y-z track projections (only
the two hits closest to the beam on each track are
used to define the track parameters). The two
adjacent bins which contain the most hits are
- then found and their average position, weighted
by the number of hits in each bin, is taken as the
preliminary primary vertex Z coordinate. This
procedure yields a Z-position with an accuracy
better than 1 mm. The vertex transverse posi-
tions, X and Y, are initially assumed to be zero.

Exclude Tracks with Projected Impact Pa-
rameters > lmm: Most tracks from strange
particle decays as well as remaining badly-
scattered and ghost tracks are removed by elim-
inating all tracks with projected impact param-
eter larger than 1 mm at the estimated primary
vertex position (almost all tracks from beauty or
charm decays have much smaller impact param-
eters).

x2 Calculation: An improved primary vertex
position is calculated from the remaining tracks
by minimizing the following x? for a single vertex
hypothesis, using the projected track impact pa-
rameters and slope dependent weights. A large
x? results if the event topology is inconsistent
with a single vertex hypothesis, and is therefore
evidence of heavy flavor production.

2 = bZ; adl sz

= S 2 e 3

SRS
i=1 % j=1 "9

This equation contains independent sums over
x and y view tracks. bz (by;) is the projected
impact parameter of the i’th (j’th) track in the
x (y) view. Here, the primary vertex point,
which is used to evaluate the projected impact
parameter, is no longer constrained to be at X

=Y = 0. A weight, 0;; (or oy;) is assigned
to each impact parameter based on the track’s
slope (which gives a very rough indication of the
track’s momentum) and the extrapolation dis-
tance between the vertex and the closest mea-
sured point on the track.

e Iteration: Despite the care taken to eliminate
bad tracks and tracks from strange particle de-
cays, minimum bias events often retain one or
two such tracks with large impact parameters.
Since usually many more large impact parameter
tracks are contained in a BB event, discarding
the track with the largest contribution to the
x? and repeating the vertex fit, yields a larger
minimum bias suppression with acceptable B ef-
ficiency. Simulation shows that the trigger selec-
tivity is maximized after two such iterations.

8.1.1 Simulation of topology trigger

In chapter 4, we demonstrated that it is possible to
make reliable Monte Carlo predictions of triggering
efficiencies. Here we calculate the trigger efficiency
of minimum bias events and some B-meson decays
for a full 16-plane system.

Fig. 8.1 shows the the trigger efficiencies vs. x
cut for minimum bias events and for three different
B-meson decay modes. Demanding x* larger than
about 6 yields a minimum bias efficiency (suppres-
sion) of about 1/100, while the average B efficiency
for the three states shown is about 30%. This is typi-
cal of this trigger algorithm. Decay modes with larger
multiplicity have somewhat larger efficiencies, while
decay modes such as By — =¥ 7~ have somewhat
smaller efficiencies. Section 9.2 describes the trig-
ger and reconstruction efficiencies of several B decay
modes in more detail.

2

8.2 Single Muon Trigger

A single muon trigger will be used for acquisition dur-
ing medium luminosity (up to 5- 1032 cm~2s~!) run-
ning. Although the muon trigger efficiency for de-
cay modes without a final state muon is much less
than that of the topology trigger, access to high lu-
minosities and efficient tagging make muon triggering
desireable.

The single muon trigger is divided into three hier-
archical levels as follows:

e Level 0, Fast Muon Detection: Fast muons
are found by looking for a track consistent with
a p > 15 GeV muon in the three muon cham-
bers. The 15 GeV minimum momentum allows
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Figure 8.1: Trigger efficiency vs. x?-cut of topology
trigger for minimum bias events and for three differ-
ent B-meson final states.

all muons in the 100 mrad aperture with pr
> 1.5 GeV to pass the cut, and reduces the back-
ground from hadron decays by a factor of ~ 3.
The Level 0 trigger rate is dominated by muons
from 7% and K* decays and hadronic punch-
through, and is expected to be 3% of the mini-
mum bias rate. This trigger level can be imple-
mented with coincidence logic which can make a
decision in the 25 nsec bunch crossing time scale,
as discussed in chapter 7.

¢ Level 1, u pr Requirement: An initial calcu-
lation of the muon pr and impact parameter in
the non-bending view is made from the position
and slope of the muon track in the chambers.
Events are selected if a muon is found to have
large pr (typically > 1.5 GeV) and direction con-
sistent with having come from the interaction re-
gion. Most muons from 7* and K* decays are
eliminated by these requirements. These calcu-
lations may be made using a specialized trigger
processor, or within the same DDP architecture
used for the topology trigger.

e Level 2, Reconstruction in front of filter:
The muon is reconstructed through the spec-
trometer to verify that the Level-1 trigger par-
ticle is not a ghost track or hadronic punch-
through and to refine the muon pr estimate for

a more precise cut. A DDP or a RISC processor
farm can be used to make these calculations.

8.3 Dimuon Trigger

A dimuon trigger will be used at a luminosity of
5-103%8 to search for B — ptu~ and other FCNC
decays. This trigger follows the same logic as the sin-
gle muon trigger, but since the level 0 trigger runs
at the bunch crossing rate, will not require any ad-
ditional hardware. Additional requirements will be
included in Level 2 to insure that the trigger muons
are of opposite charge, have a large vector sum pr
and large invariant mass.

8.4 Trigger Processors & Detector
Readout

The lack of a fast highly-selective trigger requires that
all detectors are read out for each bunch crossing and
pipelined or stored while complex trigger calcnlations
are made. The readout system is divided into three
stages. In the first stage, each readout channel has
a fast FIFO buffer that samples the detector state
every bunch crossing and stores these data for at
least 200nsec (8 bunch crossings) while a fast (Level-
0) trigger is being calculated and distributed to all
detectors. In low luminosity running, the fast trigger
will be an interaction signal. At higher luminosities,
the Level-0 muon trigger will be used. In either case,
the fast trigger rate will be less than 4 MHz.
Detector data from events selected by Level-0 un-
dergo digitization and zero suppression and are trans-
ferred to many FIFO buffers (one or more for each
detector) for storage while the Level-1 trigger is be-
ing calculated from the silicon or muon data. The
Level-1 algorithm discussed in section 8.1 will be im-
plemented using a processor with a pipelined data-
flow architecture as described in 8.4.2. With such an
architecture, the processing elements are imbedded
in the data readout channel. Because of its pipelined
structure, the data driven processor works on differ-
ent parts of several events simultaneously. This sim-
plifies data distribution and alleviates many of the
1/0 bottlenecks which would occur with a more tra-
ditional processor architecture. We note that the
total required computing power of the Level-1 trig-
ger processor for the topology trigger is given by the
10°% instructions per event, times the interaction rate
of 3.5 MHz, or 3.5-10° MIPS (million instructions
per second). A processor which executes a subset of
this algorithm suitable for triggering a fixed target
charm experiment has already been built and tested
in RD21. The level 1 trigger reduces the rate to less
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than 50kHz. -

Finally, data from events passing the Level-1 trig-
ger are transferred from the FIFO to a processor in
the level-2 farm. The level 2 processor uses all avail-
able data to fully reconstruct the event, and select
those with recognizeable B decays, as described in
8.4.3. The final event sample will be written to tape.

Table 8.2 shows the numbers of detector elements,
the average number of elements with hits, and the
expected data lengths for each of the subdetectors in
a single arm apparatus. This yields a total average
data length of 44 Kbytes/event.

Detector Elements Hits | Noise | Length
Silicon 114700 650 600 2500
Si Pixel 32800 20 180 400
Liq Rich 1 31000 600 31 1200
Chambers 1 263000 | 4700 520 | 10500
Gas Rich 1 660000 200 660 1700
EM Cal 1 200 200 - 400
EM Cal 2 6500 6500 - 13000
Si Pixel 2 21800 20 120 300
Chambers 2 160000 | 4050 320 8800
Liq Rich 2 45000 500 45 1100
Gas Rich 2 65000 200 65 500
EM Cal 3 1900 1900 - 3800
¢ Chambers 6000 5 10 30
Total 1407900 | 19545 | 2551 | 44230

Table 8.2: Number of detector elements, average
number of hits, estimated noise hits, and total sparsi-
fied data length for each detector. Calorimeter chan-
nels are assumed to be read out without sparsifica-
tion.

8.4.1 Detector readout system

Emphasis is being placed on concentrating as much
intelligence as possible near the detector. This will
result in better compaction of the detector data and
hence lower data volume and higher live times. As
discussed in the following paragraphs, the develop-
ment of VLSI readout electronics for the RICH and
Silicon is already well underway.

e Silicon: The silicon detectors will be read out
using a high density (128 channels per IC) VLSI
chip which employs sparse data scanning to min-
imize the number of cycles needed to read the
data. The Berkeley SVX chip[3], which was
developed for the CDF silicon-strip vertex de-
tector, has many of the needed features. A
COBEX readout chip, however, would have to
be faster, and have several layers of buffering

before the sparse readout section. The success
of the present SVX and other chips gives us con-
fidence that such an IC can be built within the
required time scale.

e Chambers: The chamber-hit times will be en-
coded and recorded using a 6-bit, 1 nsec bin TDC
system. Each sense wire signal is tested every
1 nsec starting from the bunch crossing (gate)
signal. Hit data from each chamber pack are
transferred to the FIFOs over 20-32 parallel data
streams arranged to receive approximately equal
amounts of data.

e RICH: Cherenkov photons are detected on pad
detectors. The pad signals are amplified and
shaped by a 16-channel VLSI chip, and latched
into a 66 position shift register to store the hit
data until after the Level-1 trigger decision has
been made. Quantities of both VLSI chips used
in the RICH readout have been manufactured,
and tested with a prototype RICH counter (see
Sect. 5.1).

o Pixel Detectors: The silicon pixel detectors
will be read out with the same type of readout
as the silicon strip detectors.

8.4.2 Level-1 trigger processor

A data driven processor will be used for the Level-1
calculations of the topology and muon triggers. Data
driven processors have intelligence distributed in the
readout channels which makes them ideal for com-
plex computations requiring large quantities of data.
They have the following properties:

¢ No centralized control: There is no central
sequencer in the system. The processor consists
of an array of function modules, in which the
arrival of data at a module initiates its operation.
Many processing units can therefore be working
simultaneously on a given problem.

e Parallel: Several data streams are processed in
parallel. In COBEX, track finding in the silicon
detectors is done in parallel in 8 identical proces-
sors (4 quadrants x 2 views). Other parallelism
can be intrinsic to a processor structure.

e Pipelined: Several events are processed simul-
taneously, but at different stages of the algo-
rithm. For example, one event may be in the
track finding subroutines at the same time that
other events are undergoing duplicate rejection,
vertex fitting, etc.
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o Expandablesr The processor may be increased
to solve an arbitrarily complex problem by the
addition of more modules. Since there are no
resources like central memory or common I/O
paths, bottlenecks do not appear. Also, because
there is very little overhead, an increase in the
number of processor modules yields a propor-
tional increase in processor speed.

Some of the COBEX collaborators built and tested
a data driven processor operating online with a silicon
strip detector as a heavy flavor topology trigger as a
part of the RD21 research project. The Data-Driven
processor is based on the architecture developed by
the Nevis-Univ. Mass. group [2] for Fermilab exper-
iment E690. The processor was combined with the
P238 silicon vertex detector (described in Sect. 4)
and installed in the H8 beam line at the CERN SPS.

The RD21 fixed target algorithm uses many of the
same techniques needed for a collider experiment, but
takes advantage of the fixed target geometry, specif-
ically the thin foil taget, to simplify the processor.
We are confident that the full collider algorithm can
be implemented within this architecture.

RD21 had a test run in August-September 1993,
during which data were read in to the data driven
processor through a specially developed silicon read-
out system. The processor results were exactly those
expected from the processor emulation. Futher re-
sults from this run will be available soon.

For COBEX, we plan to update the RD21 tech-
nology while maintaining the principles of the data
flow architecture. By employing such techniques as
optical fiber data transmission, application specific
integrated circuits (ASIC’s), Digital signal processors
(DSP), etc., we hope to improve the speed, flexibility,
reliability, and ease of development and maintenence
of the processor system.

8.4.3 Level-2 trigger processor

A second level of filtering for all events which pass
Level-1 will be implemented as a farm of high-speed
(100 MHz or greater) RISC processors which would
have access to all the event data. These processors
may perform some or all of the following functions:

e Reduce the data volume and simplify offline
analysis by suppressing zeros, clustering hits,
and finding features in the data.

e Perform complete track reconstruction.

o Eliminate common sources of background. Asan
example, pileup may be removed by eliminating
events with multiple primary vertices, or energy
flow that is inconsistent with a single event.

o Repeat the Level-1 test with matched views, and
correct weighting based on the track momenta.

¢ Determine the event topology.

e Look for specific B decay modes.

To determine the size of the RISC farm necessary
to perform these functions we assume that the av-
erage event will require 10° RISC instructions. To
handle the 50 kHz maximum Level-1 trigger rate, we
estimate that we will need a “farm” with about 500
100-MIPS RISC processors. Clearly, should faster
processors become available, this number can be re-
duced.

Note that the 108 instructions is an average figure,
some events will take considerably more or less than
this mean. Note also that some of the reconstruction
tasks will have already been performed by the Level-1
processor (e.g. line finding in the silicon) and readout
system.
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9 Event Reconstruction & Tag-
ging

In order to understand all efficiencies for event re-
construction and the backgrounds under B signals in
mass spectra, we have written full event reconstruc-
tion software and run it on simulated spectrometer
data. In this chapter we describe how we:

e Simulate the Monte Carlo data samples,
e« Write event reconstruction software,

e Simulate background in invariant mass
spectra,

Simulate flavor tagging,

Estimate all efficiencies.

9.1 Event Simulation

Pythia 6.3[1] is used as the event generator for all
data samples. The primary interaction vertices are
distributed with the expected LHC interaction region
length (¢, = 5.3 cm).

In the generation of events which contain the de-
cay of a B-meson into an exclusive final state, JET-
SET 7.3[2] is used to decay all particles except the
B-meson, which is “forced” to decay into a desired
channel. B-meson oscillations are also included in
the event generation with g = 0.7 and z, = 10.

In the generation of events for the inclusive chan-
nels used in Sect. 9.3 for background studies, JET-
SET is used for all particle decays.

Tracks from the generated events are passed
through COBEX detector simulation software and
digitized events are written out as raw data tapes.
The detector simulation includes all elements dis-
cussed in Chapts. 3, 4 and 5, with multiple scattering,
gamma conversions and energy loss. Hadronic inter-
actions are accounted for by stopping the track at its
interaction point. Decays in flight of x¥’s and K*’s
are also included.

In tracking throngh the quadrupole and dipole
fields, chamber points are generated smeared with
the expected chamber resolutions. Realistic track
parameters are then obtained by using the CERN
minimization routine MINSQ to fit a charged parti-
cle trajectory through the quadrupole or dipole fields
to the measured points. In each case, all available
chamber points on a track are used in the fit. If a
track is lost before a sufficient number of chamber
points exist for a reliable fit, the track is thrown out
and the geometric acceptance calculated accordingly.
Only tracks with momentum greater than 200 MeV

are used in the offline physics analysis. In general,
a track’s initial direction cosines are determined by
requiring hits in at least two silicon detectors.

The studies of track finding efficiency in both the
quadrupole spectrometer, discussed in Chapt. 3 and
in the silicon system, discussed in Chapt. 4 show that
both are very efficient. Therefore, in the Monte Carlo
studies carried out thus far, perfect track pattern
recognition has been assumed.

Mass identification of charged particles in the
RICH counters has thus far been assumed to be per-
fect if a track’s momentum is within the 3 & limit dis-
cussed in Chapt. 5. In case of ambiguities, multiple
mass identification assignments are made to reflect
this fact. Electron and muon identification is supple-
mented by the electromagnetic calorimeter and muon
systems, respectively, which are assumed to each be
90% efficient for tracks with momenta larger than 5
GeV. Misidentification of hadrons as leptons by these
systems has not been implemented.

9.2 Event Reconstruction

The primary vertex of the event is found by minimiz-
ing a x? using only x-y matched silicon tracks. The
vertex x2 is formed from the impact parameters of
all the tracks. If the x? exceeds some cut value, the
track making the largest x? contribution is removed
and the process is repeated. The iteration continues
until either the x2 becomes acceptable or fewer than
four tracks remain in the track list. If a primary ver-
tex is found, the discarded tracks are subsequently
used to search for additional vertices using the same
procedure. If another primary vertex candidate is
found inside the beam envelope which is either sep-
arated from the first by more than 5 cm, or has a
high multiplicity, or a large invariant mass, the event
is assumed to contain more than one interaction and
is discarded. For large multiplicity decay modes, the
primary vertex is recalculated after the tracks used in
the reconstruction of the B-meson are removed from
the track sample. This improves the decay-time res-
olution considerably.

We are studying the possibility of reconstructing
exclusive B mesons decays in bunches which contain
more than one interaction. Properly identifying the
B mesons under such conditions could be possible
for some decay modes (e.g. B—J/4¥K?) which have
prominent signatures but is problematic for others
such as the B—n 7~ decays. Tagging with K mesons
would also be of inferior quality.

Although the angular resolution of tracks which
miss the silicon is not good enough to uniquely asso-
ciate the tracks with either a primary or heavy fla-
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vor decay vertex, .such tracks are nevertheless use-
ful in the recomstruction of well-constrained high-
multiplicity B decay modes and long-lived K?’s and
A®’s.

Special reconstruction routines are written for each
of the exclusive decay modes studied. Details of the
reconstruction software and efficiencies are given for
selected decay modes below.

The geometric acceptance is calculated with the
following requirements:

e the momenta of the By decay tracks are suc-
cessfully reconstructed by the momentum fit-
ting routines and the momentum of each track
is greater than 200 MeV,

the primary vertex of the event is found when
the By decay tracks have been removed from the
vertex fit,

for each decay mode, a subset of the decay tracks
are measured in the silicon detector. The num-
ber of such tracks, and which ones should satisfy
the requirement, is decay-mode-dependent and
is described separately for each channel below.

The reconstruction efficiencies are calculated for
events which are geometrically accepted in the ap-
paratus and have passed the silicon topology trigger.
The x? cut used in the silicon topology trigger which
is described in 8.1 is chosen to give 1/100 suppression
for the Minimum Bias event sample.

9.2.1 By — J/$HK?

In this section we describe the B—J /¢ K7 reconstruc-
tion software as an example of a CP-violation chan-
nel. Another example, the B—x*x~ reconstruction
procedure, is described by Erhan[3].

For events with a single primary vertex, J/4 candi-
dates are selected from uniquely identified opposite-
sign lepton pairs which have a good vertex x?. To
ensure good vertex resolution, the lepton tracks are
required to have at least two hits in the silicon.

The K? candidates are selected from n*x~ pairs
which form a good vertex. All spectrometer tracks
are used in order to maximize the K? decay volume.
The Cherenkov information for each track is required
to be consistent with a pion identification.

The definition of geometric acceptance in this de-
cay mode also requires that the lepton pairs are mea-
sured in the silicon detector and the K? decay oc-
curred within the decay volume. The downstream
end of the K2 decay volume is bounded by the en-
trance to the quadrupole if one of its tracks is de-
tected in Spectrometer I. Otherwise, the K7 decay
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Figure 9.1: Reconstructed invariant mass spectrum
(5-MeV bins) for J/9 and B—J/$K? . The mass
resolutions are o3y = 9.2 and 7.7 MeV.

volume is limited by the set of chambers in front of
the dipole magnet in Spectrometer II. The geometric
acceptance for the By — J/YK? is 12% .

The topology trigger efficiency for this decay mode
is 20% for events which are in the geometric accep-
tance of the apparatus.

The missing transverse momentum of the J/4 and
K? is calculated with respect to the B-meson flight
path and pairs with a small missing p; normalized
to its error are kept as a B candidates. The J/¢
and primary vertices are required to be separated by
more than 0.5 mm. Finally, the invariant mass of
surviving J/¢YK? pairs is formed and B mesons are
selected with a mass cut of 50 MeV.

Figs. 9.1(a,b) show the resuiting invariant mass dis-
tributions for the J/¢ and the J/¢YK? after recon-
struction cuts. The measurement uncertainties are
oy = 9.2 and 7.7 MeV for J/¢ and J/¢$K? respec-
tively.

The reconstruction efficiency of By — J/¢yK? for
events which are within the acceptance of the appa-
ratus and are triggered by the silicon topology trigger
is 33% .

9.2.2 B, D;ntxta—

Here we describe the reconstruction of the
B, — Dy rtxtx~ final state as an example of a re-
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construction of a large multiplicity decay mode. All
K1tK-x combinations with a common vertex are
formed and the combinations satisfying the D; mass
cut of 12 MeV are kept as D; candidates. All three-
pion combinations are formed using the tracks de-
tected in the silicon detector. These are combined
with the D; candidates in order to search for B,-
mesons. When a B, is found, its vertex is calculated
using the three pions. Only two of the three D, de-
cay tracks are required to be in the silicon detector.

The event primary vertex is recalculated using only
tracks measured in the silicon detector after removing
the B, decay tracks.

Kaon’s used in the D; search are required to be
uniquely identified, pions to be #-compatible. A min-
imum decay length of 0.05 cm is required, along with
a small transverse momentum measured relative to

" the B, decay path.

The geometric acceptance calculation for this chan-
nel also requires that two of the D;” decay tracks and
all of the 7’s from the B, vertex are measured in the
silicon detector. The geometric acceptance for the
B, > Dy xtntr™ decay mode is 9%.

The topology trigger efficiency for this decay mode
is 41% for events which are in the geometric accep-
tance of the apparatus.

Fig. 9.2(a) shows the K+ K~ x~ invariant mass for
all combinations (solid) and after D; -meson recon-
struction cuts for events in which the B; momentum
points into a 600 mrad cone. The invariant mass
of the D ntxtn— after all reconstruction cuts is
shown in Fig. 9.2(b). The combinatoric background
shown in the figure includes the contributions from
_ the partially accepted B,-mesons. The measurement
. error on Dt xtx~ massis op = 10.3 MeV.

Fig. 9.3 shows the difference between the generated
and reconstructed decay lengths of B,-mesons for the
Dy xtxtn~ decay mode. The measurement error
on the reconstructed decay length is ¢ = 108 um.
Fig. 9.4 shows the resulting error on the proper time
measurement of the B,-mesons as a function of B,
momentum (p). The solid line is a fit to the function
= y/(a/p)? + b2 where p is the reconstructed B, mo-
mentum. The proper time resolution decreases as 1/p
and becomes constant for B; momentum greater than
40 GeV. The error in proper time measurement is
o(t)/r < 3% for B, momenta above 50 GeV. The re-
construction efficiency of the B, — Dy xtxta— de-
cay mode for events accepted in the apparatus and
triggered by the silicon topology trigger is found to
be 62% for a mass cut of 30 MeV.

Events / MeV
Events / 2 MeV

5.45 55

1.95 1.975

K'K'n" Mass D,n"x" %" Mass

Figure 9.2: (a) The invariant mass spectrum for all
K+*K~x~ combinations (solid) and after the D; -
meson reconstruction cuts (shaded) for events in
which the B, momentum points into a 600 mrad
cone. (b) Reconstructed invariant mass spectrum for
B, —» D;yntrtx~ for the same events. The com-
binatoric background shown includes contributions
from partially accepted events.

9.23 Bg—outu K*

The event reconstruction for the By — J/¢¥K? de-
cay mode is carried out with a four-fold loop over
all reconstructed tracks using all combinations of
pt,u=, Kt and n~ tracks with a common vertex.
The muon pair is required to be uniquely identified
while only n-incompatibility is required for the kaon.
The pion is allowed to be ambiguous. In addition,
at least three of the four tracks are required to be
measured in the silicon detector.

The primary vertex of the event is refitted using
all the silicon tracks which are not used in the By
reconstruction. If the primary vertex cannot be found
after removal of the B, tracks then the candidate is
discarded.

The geometric acceptance for this decay mode in-
cludes the requirement that the number of B; decay
tracks detected in the silicon detector is greater than
two. With this requirement, in addition to the gen-
eral acceptance criteria given above, the geometric
acceptance for this decay mode is 17% and the sili-
con topology trigger efficiency for the accepted Bg-
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Figure 9.3: Difference between generated and recon-
structed decay lengths for B, — D;” 7t 7~ mesons.
The error on the reconstructed decay length is ¢ =
108 pm.
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Figure 9.4: The measurement error in proper time,
a(t)/7, as a function of momentum (p) for recon-
structed B,-mesons. The solid curve is a fit to the

function /(a/p)® + b?, where p is the reconstructed

B, momentum.
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Figure 9.5: The invariant mass spectrum (5-MeV
bins) of ppK~ for all combinations (histogram) and
after reconstruction cuts (shaded histogram). The
mass resolution is ¢ = 11.7 MeV.

mesons is 24% .

The Bg reconstruction requires that the four track
vertex is separated from the refit primary vertex by
more than 0.05 cm and that the total transverse mo-
mentum of the four tracks with respect to the By
decay path is small compared to its error. A K«
submass and a pu K7 mass are calculated for candi-
dates which pass the reconstruction cuts and the cal-
culated masses are required to be within mass cuts of
100 MeV and 50 MeV, centered on the K*(890) and
B; masses, respectively.

Fig. 9.5 shows the resulting invariant mass distri-
butions of all uuK = combinations from events where
the momentum vector of the B; points into a 600
mrad cone. The shaded histogram shows the same
distribution after recomstruction cuts. The combina-
toric background seen in the figure is mostly from
partially accepted events. The measurement uncer-
tainty for the pp K« mass is ¢ = 11.7 MeV.

The reconstruction efficiency calculated using
events which are accepted in the apparatus as de-
scribed above and passing the silicon topology trigger
is 35% .
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9.3 Background Simulation

In order to study the background contributions from
various sources, we have prepared four event samples:
minimum bias, inclusive bb inclusive c¢ and two-event
superposition.

The minimum bias and inclusive event samples are
subjected to the same reconstruction and tagging
analysis as the signal channels in order to obtain the
background produced by these sources.

Inclusive bb and cc events could contribute a ma-
jor part of the background since these events already
contain a secondary vertex and for some decay modes
such as By — J/¥K? some of the submasses are
produced with larger branching ratios. Pile-up events
could be a source of background for decay modes
which do not contain submasses i.e. Bg—ntx~ if
. two event vertices are sufficiently close.

For the J/$K? mode, the background from all
sources has been estimated to be less than 10%. This
is determined by passing small samples of events from
all classes: minimum bias, inclusive charm and inclu-
sive beauty, through the reconstruction software for
the J/YK? mode, and weighting them by their cross
sections and estimated trigger efficiencies. Consider-
ably more background may be present in the B —
m+tx~ final state, as discussed in Ref. [3], but the
analysis is not yet complete.

Presently, we are re-doing the background analysis
with much larger event samples and extending the
study to other decay modes.

9.4 Tagging

To avoid the large event loss which would arise from
requiring full reconstruction of both B and B in the
spectrometer, a single particle from the second B can
be used as a tag, providing certain conditions are
met. As discussed in the following paragraphs, either
leptons or charged kaons can provide useful tags. In
order to understand the tagging possibilities, an anal-
ysis was made of PYTHIA-generated BB events.

The type of trigger used (lepton or silicon topology
— see Sect. 8) influences every step that follows: the
reconstruction efficiency, the tagging efficiency and
the dilution effect. All these factors are combined
in the estimates of CP-Reach in Sect. 10.2. In this
section, we only give lepton and kaon tagging effi-
ciences for events which pass a silicon topology trig-
ger. An advantage of this trigger is that it does not
bias the tag particle. Dilution effects are discussed in
Sect. 10.1.

9.4.1 Lepton tagging

For reconstructed B-decays in a 600 mrad spectrom-
eter, most muons from the pair-produced BB are in
the same spectrometer hemisphere and are correlated
within one unit of rapidity. At the LHC, about 6%
of reconstructed events have a tagging muon with p;
> 1.2 GeV (necessary to suppress muons from the ¢
— s transition) in the spectrometer. The tag quality
(good tags/all tags) is found to be about 74%. The
momenta of most muons outside the 600 mrad aper-
ture is low, so little is to be gained from extending
the muon identification beyond 600 mrad.

A similar fraction of reconstructed events will be
tagged by an electron with p; > 1.2 GeV.

9.4.2 K7 tagging

The strategy is to examine identified K+ mesons that
are not associated with the reconstructed B and are
inconsistent with coming from the primary vertex.

A K* which contains the s-quark at the end of
the b — ¢ — s chain uniquely identifies the flavor
of its B-Meson at decay. However, there are many
sources of mis-tagging, such as kaons which are pro-
duced from the s5 sea or from a W in either the
b — ¢ or ¢ — s transitions (which can have either
sign). These are all approximately accounted for in
the PYTHIA event generation and can be investi-
gated by tabulating the supplementary kaons found
in the spectrometer. About 27% of the B-mesons in
the spectrometer are found to have a tagging K+ with
impact parameter greater than 3¢ from the primary
vertex. The correct charge is found in about 80%
of these tags. Thus, for the silicon topology trigger,
kaons and leptons can together tag as much as 36%
of all reconstructed B-Mesons.

The geometric acceptances, silicon topology trigger
efficiencies and reconstruction efficiencies for three
decay modes are summarized in Table 9.1. The geo-
metric acceptance given in the table includes all the
fiducial cuts explained in the reconstruction section
earlier. Silicon trigger efficiencies are for fully ac-
cepted events. The reconstruction efficencies are cal-
culated for accepted and triggered events. The to-
tal efficiencies for these decay modes, defined as the
product of geometric acceptance, trigger and recon-
struction efficiencies, are given in the bottom row.
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- By — J/YK? | By—»D;x%n%x~ | By—utu K~
Geometric Acceptance 0.12 0.09 0.17
Trigger Efficiency 0.20 0.41 0.24
Reconstruction 0.33 0.62 0.35
Total Efficiency 0.008 0.023 0.014

Table 9.1: Geometric acceptance is calculated for By — J/9K? , B,— Dy xtxtx~ and Bg—putu-K*
decay modes as explained in the text. Trigger efficiencies given are for silicon topology trigger and are for
accepted events. Reconstruction efficiencies are for accepted and triggered events. Total efficiencies for these
decay modes are the products of geometric acceptance, trigger and reconstruction efficiencies.

[2] T. Sjostrand, Computer Physics Commun. 39
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10 Physics Analyses and Per-
formance

In this chapter, we discuss the details of the physics
analyses, and summarise the expected performance
of the experiment in the following highest priority
measurements:

e B,-B, Mixing
e CP Violation

e Rare B-Meson Decays

10.1 Mixing Analysis and Measure-

ment of Dilution Factors

We consider a prototype mixing measurement in
which relatively large branching ratio exclusive fi-
nal states of the By or B, are reconstructed and the
proper decay time of each event is measured. The
flavor of each B-meson at production is tagged by
observing a supplementary K* or £* in the spectrom-
eter, as discussed in Sect. 9.4.

For a given mixing channel, there are two CP-
conjugate initial states and two CP-conjugate final
states, resulting in four independently observable
samples. Their time-dependent decay rates, were
given in Egs. 3 and 4. The functions given are ide-
alised, and would be measured only in the case of
perfect tagging. In practice, imperfect tagging causes
a dilution of the effect, as events which belong in one
sample are placed in another. What is observed in
each sample is therefore a linear combination of the
correct distribution with that of the CP-conjugate
initial state.

The net effect of mis-tagging is therefore to modify
the decay-time distributions to the following forms,
where the tagging particles (leptons and charged
kaons) are denoted T*, depending on their charge.
Note that in general, B—T* and B—T", so that eg.
T* means that the mixing particle was a B.

T*B: A(t)e”*[1 — D* cos(zt)] (24)
T™B:  A(t)e*[1 + D™ cos(at)]  (25)
TtB:  A(t)e”'[1 + D*cos(zt)]  (26)
T™B: A(t)e '[1 — D~ cos(xt)] (27)

where the (—ﬁ)i are the dilution factors. Time, ¢, has
been expressed in units of proper time. The factor
A(t), is the COBEX experimental “acceptance func-
tion”, which reflects various biases in the B lifetime
measurements. Such biases result, for example, from

cuts on B flight path during offline event reconstruc-
tion or even at the trigger level if the silicon topology
trigger is used. COBEX Monte Carlo studies yield
the approximate form, A(t) = 4t2/(1+4t2), for re-
constructed B events. The most significant distortion
of the measured proper time distribution occurs for
times less than about one mean life.

The dilution factors contain, among other things,
the time-integrated probabilities for non-oscillation
and oscillation of the tag-providing B. Although the
four dilution factors should be quite similar, tag back-
ground, B, background and a B-B production asym-
metry (or other valence quark effects) can make these
factors differ from one another. A careful study of
tagging efficiencies and production asymmetries us-
ing both the oscillation measurements described here
and the tagging of non-oscillating B* decays is nec-
essary in order to obtain reliable measurements of the
dilution factors.

The determination of z, is an important step in
the physics program outlined in Chapter 2. For now,
we assume that there is no pathological behavior of
the dilution factors in Eqs. 24-27 and we proceed to
understand how large a value of =, can be measured
with the B, data sample that will be obtained in the
first year of running COBEX at LHC. We take as an
example, the channel

B,—DixFrty~. (28)
The parameters relevant to the estimation of the yield
of such events are shown in Table 10.1. The sample

Luminosity 5.10° cm~%s~
Runring time 107 s
bb cross section 5-.10728 cm?
Hadronisation to B, or B, 0.24
BR(B,—DixFrtz)[1] 6.6-103
BR(D# — all charged) 6.0-102
Total Efficiency 8.3-10"%
No. tagged and reconstructed 2.0.10°

Table 10.1: Event yield of tagged and reconstructed
events at COBEX in the first year of LHC for
B,—DFxFxtx~. The total efficiency includes geo-
metrical, trigger, reconstruction and tagging efficien-
cles.

of more than 10° reconstructed tagged B, events that
will be obtained in the first year of LHC running is
an enormous one for a determination of #,. As shown
in Chapter 9, the proper time resolution in B, decay,
for B,’s with momentum in the range 50-100 GeV,
is o(t)/T = 3%. Figs. 10.1 show a Monte Carlo data
sample plotted versus proper time for the two types of
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distribution in Egs. 24-27. 50,000 tagged events were
generated according to the functions with the dilution
factor assumed to have a value D = 0.40 and =, = 25.
The curves in the figures are the result of maximum
likelihood fits of the equations to the data. Figs. 10.2
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Figure 10.1: Proper time distributions for the
two types of tagged events, generated according to
Eqs. 24-27 using a uniform D = 0.40. The two
plots correspond to z, = 25, with the upper plot
using 1 + Dcos(zt), and the lower plot using 1 —
Dcos(zt). There is a generated sample of 50,000
tagged events. The curves result from simultaneous
Maximum-Likelihood fits to the data shown and to
the proper time distribution of the corresponding un-
tagged sample. The generated events include the ef-
fects of the 3% uncertainty in proper time measure-
ments as discussed in the text.

show the log of the likelihood function plotted versus
z4, for four widely different values of z,. There is a
clear single minimum seen for the largest theoretically
allowed value of z,.

Finally, we summarize the statistical significance
for the range of z, values used in the fits just de-
scribed. Fig. 10.3 shows the statistical significance
of the oscillation (the fitted value of D divided by its
uncertainty) versus z, and also, on the same plot, the
fitted uncertainty in z, versus the value of z,.

There is great value in demonstrating good sen-
sitivity to large values of z,. For the CP violation
analysis discussed in the next section, asymmetries
will have to be measured in rapidly varying time dis-
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Figure 10.2: Log of the likelihood function versus z,,
for the four indicated values of z,, for a data sample
of 50,000 tagged events and for a 3% uncertainty in
proper time measurements.

tributions and the better the overall capability, the
more reliable will be the results.

10.2 Analysis of CP-Violation

The various observables discussed in section 2.2 will
be addressed in turn.
Decays of Neutral B-mesons to
CP-eigenstates.

The time-dependence of such decays was given in
Eq. 11. Decays of By and By to J/9K? involve a
unique CKM phase, so that the time-dependent rates

reduce to

r(t)(B° - J/$K2) = Ae~*[1 F sin(28) sin(zt)].
(29)
In practice, as in the case of B,-B, mixing, imper-
fect tagging results in a dilution of the samples with
events from the other sample, and the observed time
dependences are linear superpositions of the two, as
follows:

N(t)(Ba—J/$K?) « A(t)e t[1+ D* sin(20) sin((zt))]
30

N(t)(BamT/$K?) « At)e*[1— D~ sin(28) sin((zt))]
31
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Figure 10.3: Black dots: The statistical significance
of the fitted value of the dilution factor, D (D, di-
vided by its uncertainty) versus z, used in the event
geneneration. Open dots: The fitted uncertainty of
z, (use the right hand scale) versus z,.

where again, the experimental acceptance function
has been included and the dilution factors, D* and
D-. The latter may be obtained experimentally by
measuring the amplitudes of By oscillations to large
branching ratio non-CP-eigenstates, in analogy to the
measurement of B, oscillations discussed in the last
section.

A CP-measurement consists of simultaneously (or
independently) fitting Egs. 30 and 31 to the observed
proper time distributions of mesons flavor-tagged as
B, and By, respectively, to obtain the product of a di-
lution factor and the CP-violation parameter sin(203).
It is evident that the independent determination of
the dilution factors is critical.

To determine the measurement uncertainty of
sin(28) and how the uncertainty depends on the sam-
ple size and D*, Monte Carlo event samples were
generated according to Eqs. 30 and 31, assuming var-
ious values of sin(28) and D*. Except for the (small)
background under the mass peak, all sources of wrong
tags are modeled, including those resulting from os-
cillation. Simultaneous Maximum Likelihood fits of
Eqgs. 30 and 31 were then made to the observed time
distributions. Fig. 10.4 shows one example of such a
fit. 4200 By plus By events were generated assuming
sin(28) = 0.20, z = 0.7 and D = 0.40. The resulting

Events / 6t = .057

Figure 10.4: Monte-Carlo study of CP-Violation ef-
fects in B decay. (a) Proper time distribution of
2100 events generated according to Eq. 31 assuming
sin(28) = 0.20, ¢ = 0.7 and D+ = 0.40. The curveis
the fitted function used in the generation; (b) same
for Eq. 30; (c) the two curves from (a,b) are super-
imposed. All curves contain the acceptance function,
A(t), discussed in the text.

fit yielded sin(28) = 0.176 + 0.044 (40). It is in-
teresting to note in Fig. 10.4, that the loss of events
with £ less than about one mean life has no great in-
fluence on the measurement of sin(23), since Egs. 30
and 31 have their maximum difference when sin(zt)
= 1, corresponding to ¢ = 2.2 mean lives for z = 0.7.

The resulting uncertainty in sin(23) is found to
depend on sample size, N (B plus B events) in the
following way:

. 1
6[sin(28)] V0.56D2 N (32)
where the constant 0.56 is a statistical factor which is
characteristic of the time-dependent fit and our par-
ticular acceptance function. For COBEX, 0.56D? is
in the range 0.09 to 0.11.

In order to calculate the number of events produced
per year, and the CP-reach, we note that the number
of (fl produced per year (= £ x t x o,3x BR(b —
By ) x 2)is =~ 2- 10 at the low luminosity of 5-
103lcm~—2s~!. The other relevant quantities for the
calculation are shown in Table 10.2. As shown above,
it is estimated that in the channel B—J /4K alone,
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No. ofL_B?i yr1

2. 101

BR(B° — J/$K2)[2] 5.6-107%
BR(J/¥ — p.+y,‘) 6.0-10"2
BR(KQ — n*x™) 6.86-10"1

Overall Efficiency (e:otat) | 8-10~3
Tagging Efficiency (€tq9) | 3.6- 1072
No. of events per year ~ 13000
(Dilution Factor)? 1.8.10°!
Fitting Factor 5.6-10"1

Afsin 20] 0.027

Table 10.2: Event yield and CP-reach of tagged and
reconstructed events at COBEX in the first year of
LHC running for the channel B—J/¢¥K?. The to-
tal efficiency e€;otq1 includes geometrical, trigger and
reconstruction efficiencies.

the statistical error on the determination of sin 23 will
be of the order of 0.03 in one year of running. Close
inspection of Fig. 2.1 reveals that |sin28| > 0.2, so
that even at the lower limit, it will be well measured
within the first year.

The CP-reach of COBEX for sin 2« was reviewed
by Erhan[3]. This channel is very difficult to sim-
ulate, owing to the large combinatorial background,
and furthermore, the effects of “penguin pollution”
cause considerable uncertainty in the interpretation
of the results. An updated analysis is in preparation,
results of which will be presented to the LHCC.

Decays of Neutral B-mesons to non-CP-
eigenstates.

This method is one of the particularly strong ad-
vantages of the LHC environment for B physics: B,
mesons are required, which are not accessible at an
ete™ B-factory. The method can be applied to mea-
sure v at COBEX, using any of the channels:

e BY - D*K¥F,
e BY - D**K¥F
e BY - DEK*F

which are expected to have the time dependences
given in equations 15 and 16. It can also be applied
to other final states with the same flavour quantum
numbers, but in these cases, the angular distributions
need to be analysed for the helicity amplitudes.

In the above channels, the analysis will proceed
along similar lines to that of B,-B, mixing, except for
the additional complication that the B, decay vertex
must be measured from the line of flight of the recon-
structed D, and the track of the charged kaon. Two
possible methods are foreseen. In the first, a straight

line is projected from the primary to the fully recon-
structed D, decay point. Then the intersection of
this line with the charged kaon track is found and
is taken as the B, decay point. The second method
comsists of reconstructing the flight path of the D,
from its vertex position and its momentum, vector,
and finding the intersection of this with the charged
kaon track. These two methods have different errors.
In the second case, a preliminary study has shown
that the error on the z-coordinate of the B, vertex is
not significantly degraded compared with that where
the tracks actually come from the vertex, so that the
vertex resolution found in the B, mixing study may
be used here.

In order to calculate the number of events produced
per year, we note that the number of B, produced per
year (= Lxtxo;3x BR(b — B, ) x 2)is ~ 6-10'°
at the low luminosity. In order to estimate the ac-
ceptance and efficiencies in these channels, we rely
on the results of the B, mixing study (Sect. 10.1).
Here, the only difference is in the particles accompa-
nying the D, in the final state: a kaon, a K — = pair,
or possibly a # — K° pair as compared with three
pions. There are competing factors, namely the ge-
ometric acceptance, which should be larger for low
maultiplicity final states, the trigger efficiency which,
at least for the topology trigger, will be less for lower
multiplicity, and the reconstruction efficiency which
should also be somewhat better with less combina-
toric background to remove. We conservatively esti-
mate the product of these and the tagging efficiency
(independent of final state) as 5-10~2 for the D, case
and 3- 1073 for the D;.

The relevant branching ratios [4] to the final states
and the number of events per year in each channel
are shown in Table 10.3. Each channel includes a
6% branching ratio for the D, to go to all charged
particles. It should be noted that the branching ratios
and event yields for the latter three states are only
order-of-magnitude estimates. In order to extract the
angle v from the data, the following asymmetry may
be formed (from equations 15 and 16):

r()(B° -F ) - )@ -F )

T)(B° -F )+ ()8 -F )
= =B cos(xt)

C'sin(¢y + 8,) sin(=t)]

A{}') (t)

(33)

where B = (1-[A]*)/(1+[A%), C = 2[Al/(1+]A]P) =
1— B? and ) is defined in eq. 10. As in the case
of B,-B, mixing, dilution factors are also present,
which, for clarity, have been suppressed in the above
equations. They should take the same values in this
analysis however. Fitting the two asymmetries above,
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B, Decay | - B. R. €sotal | No. yI~
Mode -10—4 .10-3 -108
DKt (2.4 +0.5) 5 4.3
D:~K* (2.4 £0.5) 3 2.6
D;K*t (4.4 £ 1.6) 3 5.2
DfK- ~ 1.4 5 2.5
DK~ ~ 14 3 1.5
DY K*- ~ 0.9 3 1.1

Table 10.3: Event yield of tagged and reconstructed
events at COBEX in the first year of LHC running
for the Non-CP final eigenstates shown. €;orar is the
product of geometrical, trigger, recomstruction and
tagging efficiencies. In the K™ case, €total contains
an extra factor of 0.67 for the BR(K* —charged).

|A|, sin(@; + §,) and sin(@; — &,) may be extracted.
It can be shown [5] that the errors on the coefficients
(ci = B, Csin(¢s %8, )) of the trigonometric functions
in the above asymmetries are given by

1
V Fi(to) Neot

where 15 is the minimum proper time at which events
are observed and N, is the total number of events
used to calculate the asymmetry. The “fitting fac-
tors” Fj(to) are a measure of the average statistical
weight per event used to calculate the asymmetry:
as the asymmetry varies between +1, some events
(those where the asymmetry is small) make a com-
paritively small contribution to our knowledge of the
amplitude. In the case of B, mixing, these factors
are approximately 0.5 for both coefficients. This is
simply because for # > 5, the asymmetry oscillates
many times before the amplitude of the decay distri-
butions falls off significantly, so that the mean value
of | sin(zt)| is 0.5, thereby diluting the weight of each
event accordingly.

We are now in a position to calculate the statistical
error on sin(¢; + &;). In ref. [4], it is argued that
in the channels discussed here, §; ~ 0, so that we
measure sin(¢s) directly. In this case,

Ac; = (34)

o) = L
Asin(¢y) = DC+/Fi(to) Neot

where D is the dilution factor. We assume the same
value for the dilution factor as in the B, mixing anal-
ysis, ie. D ~ 0.4. C is unknown, but an estimate to
better than an order of magnitude may be obtained
from Table 10.3, using the fact that

\ _ VBR(B.~) _ VBRB. 1)
BR(B.~f) /BR(B.~7)

(35)

(36)

For example, for the first decay in Table 10.3,
|A| = 0.76, giving C =~ 0.96, close to its upper limit
of 1. A safe lower bound for C in this case is around
0.15. We therefore quote the CP-reach in a given
channel using the constant k, where and the range
of C, where Asin(¢y) = k/C. The CP-reach for the
various channels is listed in table 10.4 from which it

B, Decay | Range k Max. error
Mode of C on sin(¥y)
DK+ 0.45-1 | 0.043 0.10
D;"K"' 0.45-1 | 0.055 0.12
D;K"+ 0.28- 1| 0.040 0.14

Table 10.4: CP-reach for siny for the first year of
LHC running. The error on sin v is given by k/C.

can be seen that using several channels, the error on
sin(y) will be less than 0.07 in one year’s running at
LHC.

10.3 Analysis of Rare Decay Modes

Pollowing the discussion in Chapt. 2, we would like
to consider some of the decay modes discussed there.
We believe that the inclusive decays

B X,ete BY = X, utp” (37)

will be observble at COBEX. In the absence of new
physics beyond the Standard Model, their branching
ratios are expected to be [6] (0.6 — 2.5) - 10~° and
(3.5— 14.0) - 10~° respectively. The signature will be
the existence of two leptons originating from a single
secondary vertex, with, in addition, at least two other
charged hadronic tracks from the same vertex, one of
which is a kaon. These are currently the subject of a
study, results of which will be presented to the LHCC
in due course.

Several exclusive rare decay modes are also of inter-
est at COBEX. These are shown in Table 10.5 along
with their predicted Standard Model branching ratios
[6]. We have simulated as an example, the channel
BY — p*p~ K* as described in Chapter 9. The total
efficiency, as defined there is found to be 1.4%, which,
after allowing for the Clebsch-Gordan coefficient for
K*? to decay to charged particles gives an expected
number of about 5000 reconstructed events for the
first year of running with the average peak luminos-
ity of 5103 em~2s~!. This will allow detailed kine-
matic distributions to be formed, providing a rigorous
test of the Standard Model in this very rare process.
The efficiencies for the other channels are expected
10 be of the same order of magnitude.

In the case of the purely leptonic rare decay

(38)

B —ptpT,
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By Decay - B. R. No. produced
Mode in 107 s
Bj—ete"K* [ ~56-1008 [ ~1.1-10°
B optp K* | ~29-10% | ~5.8.10°
BY—ete K | ~6.0-1077 | ~1.2-10°
Bl—ptpy K | ~6.0-1077 | ~1.2-10°
Bl —etew® | ~3.7-1077 ~7.4-10%
Bl sutp~w® | ~1.9-1077 | ~3.8-10%

Table 10.5: Branching ratios and event yield during
first year of LHC running for rare decays observable
at COBEX using the topology trigger.

its branching ratio is expected to be 1.8-10~? in the
absence of new physics beyond the Standard Model.
In order to detect this channel, it will be necessary to
run in the high luminosity mode at 5- 1033 em—2s~1.
At this luminosity, there will be an average of 9 intere-
actions per beam crossing. Preliminary studies show
that using kinematic cuts alone, only a branching ra-
tio of about 1078 is reachable, before being swamped
by the main background - that due to semi-leptonic
decays of more than one B-meson in the same beam
crossing. In order to achieve something approaching
the Standard Model branching ratio, it is necesary
to use vertex information to ensure that both muons
come from a single vertex. In order that the silicon
should survive such a high luminosity however, the
silicon is retracted from 3 mm from the beam to 1
cm from the beam. As the particle density varies
as 1/72 (see Sect. 3.2), this maintains the flux in the
silicon at essentially the same levels as at medium
luminosity, 5-103? cm~2s5~1. This reduces the geo-
metrical acceptance somewhat, but with a two-body
decay, it is still significant.
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11 Experimental Area & In-
stallation

11.1 Insertion Requirements

Since COBEX plans to use colliding beam interac-
tions it can make use of a normal insertion layout.
Compensation of the effects of the magnetic fields of
the spectrometer on the circulating LHC beams will
have to be studied but are not expected to cause any
special problems.

The experiment also requires vertex detectors
placed within a few mm of the beams at the center
of the collision region, above and below the beams.
These detectors will therefore be placed in moving
vacuum enclosures of the type often referred to as
“Roman Pots”. The present suggestion is to use vac-
uum vessels and detectors similar to those already
used at the SPS collider in P238 and studied in RD21.

There will be three different modes of operation,
depending on the available luminosity. COBEX plans
to start with a luminosity of 5 - 103! cm~2?s~! for the
first year or two. Since this can be obtained with an
LHEC luminosity as high as 1.5 -10%3, it can be foreseen
that there will be no difficulty for the desired period.
After this initial running period, COBEX will switch
to its single muon trigger and run with a luminosity
of 51032 ¢cm~2s~1, which can be obtained with LHC
luminosity as high as 1.5 x10%4.

When LHC reaches its peak luminosity of 2.5 -10%¢,
a third running mode with 5-103% cm~?s™1 will be
used and the silicon system will be retracted to about
1 cm from the beam.

Thus, we foresee being able to operate at all times
with the standard beta of 0.5 to 15 m. The stan-
dard quadrupole separations will be sufficient and in
principle no protection of these quadrupoles will be
needed for at least the first two years of LHC opera-
tion.

11.2 Underground Cavern

An experiment of the COBEX type using a more or
less conventional collision region will conveniently fit
into one of the existing transverse caverns at Point
4, 6 or 8. However, the length of the spectrometer
and the dimensions of the final detectors mean that
a relatively minor enlargement of the machine tunnel
will be needed on one side. This is the position of the
so called mobile shielding of LEP which in any case
must be removed to allow the LHC beam to pass.
An enlargement of the tunnel to a diameter of about
7 m over a length of 5 m does not appear to pose
any significant problems. The excavation can only

be carried out after LEP has stopped running and
the LEP experiment has been removed, but will not
take more than a few months and has been estimated
to cost around 600 KCHF.

Having permanently accessible counting rooms on
the surface will mean that cable lengths have to be
at least 150m. If access to the electronics is needed
during collider operation, it might be necessary to
provide a shielded region underground. We do not
however believe this will be necessary.

If access during collider operation is needed to the
electronics, it might be necessary to provide an un-
derground shielded region, although we do not believe
this will be necessary.

Figs. 11.1, 11.2 and 11.3 show the layout of
COBEX and possible modifications to an existing
cavern at Point 4, 6 or 8.

| g
: f
U H PAE:
BLNRGE :
~. - T -
~ -
g o
~ R e
_.l\.msh
b
' usss
I EOBEN
i wes

Figure 11.1: Layout of COBEX at even intereaction
point: plan view.

11.3 Surface Zones and Services

For possible installation in any of the existing cav-
erns at Point 4, 6 or 8, the surface zones could be
used without modification. Since the COBEX de-
tectors are smaller than the typical LEP detector,
all facilities such as counting rooms, electrical power
distribution, cooling and ventilation and gas instal-
lations are expected to be adequate. Similarly, the
SX assembly hall and crane will be sufficient for pre-
assembly and testing and the PX access shaft will be
large enough for installation underground.

11.4 Installation Costs

It seems likely that COBEX will not need an under-
ground counting room. Thus the total experimental
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Figure 11.2: Layout of COBEX at even intereaction
point: side elevation.

Figure 11.3: Layout of COBEX at even intereaction
point: perspective.

area costs for COBEX will be around 12 MCHF -
dominated by the cost of an LHC low-beta insertion
(10MCHF). Installation costs will be additional, but
should be much smaller amounts, because all services,
power, gas pipes, etc. already exist.
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13 Costs

The COBEX detector concept presented here, has been guided primarily by physics objectives and attention
to cost has so far been a secondary concern. We have endeavored to design a detector with a high degree
of redundancy to ensure that the physics objectives can be met and that the Monte Carlo predictions of
efficiencies will be fulfilled. As the detector concept is refined, cost will receive far greater emphasis and
reductions in channel count are likely. Thus, the costs presented here must be considered preliminary and,
in some respects, overestimated. A summary of cost estimates is given in Table 13.1.

The collaboration is in a formative stage and it is not possible at this time to make clear divisions of
responsibilities for the detailed design and construction of detector components. By the time the Technical
Proposal is presented, a well-defined organizational structure must be in place.
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Detector Subsystem Quantity | Unit Cost | Total
Silicon Vertex Detector

Si Detectors 64 6,500 416
Electronics 1.1-10° 0.7 7
Support 250
Subtotal 743
Silicon Pixel Detector

Si1 Detectors 546 2,500 | 1,365
Electronics 54600 0.7 38
Support _250
Subtotal 1,653
Analyzing Magnets

Quadrupole 8,000
Dipole 3,500
Subtotal 11,400
Drift Chambers

Mechanical 19 modules 50,000 950
Electronics 4.2.10° 20 | 8,400
Subtotal 9,350
RICH Counters

Mechanics 620
Electronics 8.7-10° 8| 17,000
Subtotal 7,620
Tungsten Calorimeters

Mechanics 100
Electronics 94 200 19
Subtotal 119
PbWOQ, Calorimeters

Crystals 3-10%cm?® 2| 6,000
Electronics 8500 200 { 1,700
Subtotal 7,700
Muon System

Iron 160 tons 1 160
Chamber mechanics 12 modules 8,000 96
Electronics 6000 25 150
Subtotal 406
Triggering & DAQ

Topology Trigger Processor 1,500
Muon Trigger Processor 100
Level III Processor Farm 500 9,000 | 4,500
Data Acquisition 2000
Subtotal 7,100
Total 47,100
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Table 13.1: Detector costs. Unit costs are in CHF, total costs are in KCHF.
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